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Abstract
Strip casting is a manufacturing process for producing thin steel sheets directly from
liquid steel. This process induces rapid cooling, and therefore the microstructure
development during strip casting is significantly different from conventional casting
techniques. Very limited studies exist on the effect of solutes such as carbon and
vanadium on the microstructure development during strip casting.
The microstructure evolution and solute behaviour of Fe-C binary and Fe-C-V
ternary alloys were studied under strip casting conditions. The ferrite morphology
was found to be a complex mixture of various austenite decomposition products
and therefore required a multi scale characterization approach. Microstructural
characterization was carried out using optical microscopy, scanning and transmission
electron microscopy, and electron back scatter diffraction techniques. Atom probe
tomography and energy dispersive spectroscopy techniques were used to characterize
the material chemistry.
The Fe-C binary alloys containing up to 0.5wt% carbon were studied. A variety
of austenite decomposition products ranging from massive ferrite, Widmansta¨tten
ferrite and pearlite were observed. With increasing carbon concentration, it was
found that the volume fraction of ferrite decreased and was replaced by pearlite. The
grain size was found to be independent of carbon concentration.
A group of ternary Fe-C-V alloys, from 0.02 to 0.5 wt% carbon and 0 to 1wt%
vanadium were examined. In low alloy concentrations, such as those in micro
alloy compositions, the as-cast microstructure was Widmansta¨tten ferrite. In alloys
containing 1wt% vanadium, increasing the carbon concentration above 0.02wt%
transforms the massive ferrite microstructure to a fully bainite microstructure. The
grain size was found to decrease markedly with increasing vanadium and carbon
concentration due to the change in phase transformation product morphology. It is
proposed that solute segregation of carbon and vanadium to prior austenite grain
boundaries can result in a change from Widmansta¨tten ferrite to bainite under strip
casting conditions, but only above a minimum solute concentration.
The deformation behaviour of selected samples were examined using electron backscat-
ter and X-ray diffraction techniques. The stored energy of as-cast binary alloys were
independent of carbon concentration, but addition of 1wt% V increases the stored
energy of the as-cast structure. After cold rolling, the stored energy of deformation
showed a strong dependence on the carbon concentration. The cold rolled stored
energies of Fe-C-V ternary alloys were found to be dependent on the vanadium
concentration as well as on the initial as-cast microstructure.
The effect of carbon and vanadium on the recrystallization kinetics were examined.
Irrespective of the presence of vanadium, at ultra low carbon levels (0.02wt%), the
grain growth rate was steady-state throughout recrystallization. In Fe-C and Fe-C-V
alloys, concurrent evolution of precipitates during recrystallization was observed. This
is a unique behaviour resulting from supersaturation of ferrite in carbon and vanadium
by the rapid cooling during the strip casting process. Preference for nucleation of
new grains over growth of existing grains was observed in these samples. A strong
correlation between particle pinning (Zener pinning) and the final recrystallized grain
size was observed.
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Chapter 1
Introduction
1.1 Overview
Direct strip casting (DSC) is the process of producing thin steel sheets, such as that
intended for construction products, automobile bodies, etc. directly from the molten
metal. The idea of casting steel directly into thin sheets was conceived by Sir Henry
Bessemer in late 1850’s, but technical difficulties have restricted its commercial
development until modern times. Until recently, steel could only be cast into thick
slabs, a continuous process known as conventional thick slab casting (CSC). Figure
1.1 schematically shows a typical industrial scale twin roll strip casting assembly
and compares it with conventional thick and thin slab continuous casting processes.
Even in a modern thin slab casting facility, the typical thickness of the casting is 50
mm or more [1]. Converting these slabs into thin sheet products requires additional
energy intensive processing steps. However, the DSC process does not require these
hot rolling and re-heating steps, and this lowers the greenhouse gas emissions for the
production of sheet steel by 75% [2]. These significant energy savings are the reason
that this process is of significant interest.
1
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(a)
(b)
(c)
Figure 1.1: Schematic of industrial scale (a) Conventional thick slab casting, (b)
Thin slab casting, and (c) Twin roll strip casting process [3].
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The rapid solidification and cooling rate encountered in strip casting produces non-
equilibrium microstructures that are significantly different to conventionally cast
steels [4]. Despite its technological importance, the science of microstructural control
during strip casting is poorly understood. Moreover, the small sheet thickness
produced by strip casting reduces the potential for improving the microstructure by
secondary processing.
Steel is defined as an iron-carbon alloy [5], and carbon is the most important
alloying element. Its addition even in small quantities dramatically changes the
microstructure, which in turn influences the mechanical properties. Carbon is present
in iron as an interstitial element, but can also form carbides when present with strong
carbide forming element such as V, Nb, Ti. Carbon is also known to segregate to
defects such as grain boundaries and dislocations. Though the influence of carbon
on microstructural development of conventionally cast steel has been studied in
detail, the effect of carbon concentration on microstructural development under strip
casting conditions is yet to be explored. Moreover, when a strong carbide forming
element such as vanadium is present in the steel composition, it may dramatically
alter the behaviour of carbon, which in turn may affect the subsequent phase
transformation and secondary processing behaviour. The aim of this work was
therefore to understanding the behaviour of these solute species during the strip
casting process, and elucidate how they affect the microstructural development.
1.2 Thesis Outline
The objective of this thesis is to study the effect of carbon and vanadium on
microstructure development during direct strip casting and secondary processing.
Chapter 2 begins by a literature survey, aimed at clarifying the strip casting factors
that influence the formation of different ferrite morphologies and the choice of
secondary processing routes available to modify it. Following it, the theoretical
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background on microstructure development is presented. A brief summary points
out the gaps in the literature and sets the scope and the objective of this thesis.
Chapter 3 describes the alloys and experimental methods used in achieving the
objective. The apparatus for simulating strip casting, cold rolling and annealing, along
with various microscopy and data analysis techniques to study the microstructure
and solute behaviour are described here.
Chapter 4 presents the microstructure characterisation results of as-strip cast Fe-C and
Fe-C-V alloys. The Fe-C binary group has alloys with increasing carbon concentration.
The Fe-C-V ternary group has alloys with different carbon concentrations along
with a strong carbide former vanadium. The microstructural features and grain size
are quantified. The influence of solute carbon and vanadium on the solidification
sequence and the solid state austenite to ferrite phase transformation behaviour are
discussed in detail.
Chapter 5 examines the deformation structure of selected 50% cold rolled strip cast
alloys using SEM, EBSD and evaluates the stored energy using XRD. This chapter
follows with a discussion on the effect of chemistry and as-cast microstructure on
deformation behaviour.
In Chapter 6, the microstructural evolution and recrystallisation kinetics of strip cast
alloys are assessed. The evolution of precipitates are characterised by their chemical
composition and size distribution. The recrystallisation kinetics are analysed in detail
by modelling using JMAK and MPM models. This chapter continues with a discussion
on the effect of solute carbon and vanadium, stored energy and clusters/precipitates
on recrystallisation kinetics of strip cast steels.
Chapter 7 highlights the important findings of the current investigation and provides
a general conclusion.
Chapter 2
Literature Review
2.1 Introduction
Direct strip casting (DSC) is a one step process for producing thin sheets of steel
directly from liquid steel. Although numerous roll geometry and configurations are
possible in DSC, for better surface quality and for practicality reasons, majority of the
industrial strip casting configuration are twin-roll strip casting (TRC) technique [3].
For further information regarding historical evolution and different roll configurations
in strip casting, reader is directed to comprehensive book by Ferry [6].
When the liquid metal solidifies by direct strip casting the resulting structure is rarely
uniform. The initial strip casting and solidification conditions determines the solute
distribution as well as the final grain size to certain extent. This solute redistribution
predominantly depends on the kinetic factors such as diffusion, as well as on the
thermodynamics i.e., phase transformation. The microstructure development, in turn
the mechanical property, of any metal is greatly influenced by the local variation in
chemical composition.
Solute segregation in metallurgy is used to describe macro and micro-segregation
that occurs during solidification, precipitation of solute elements, segregation at
5
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dislocations and grain boundary occurring at atomic scale. These segregation depend
on the solidification conditions and the processing parameters. A brief overview of
DSC processing parameters that influence the distribution of solutes, microstructure
development are provided in this section.
2.2 Structure Development During Strip
Casting
2.2.1 Solidification Structure
When molten steel contacts the cold copper substrate of the rolls, nucleation of
new solid crystal begins heterogeneously on the substrates or on the solid particles
(inoculants) present in the molten metal. The crystal growth rates in DSC process are
orders of magnitude higher than those encountered in conventional casting processes.
Upon rapidly solidifying a liquid metal, the speed of moving crystallisation front
can exceed the solute diffusion speed [7]. Consequently, the solute atoms can be
trapped inside the crystal position. Depending on the local cooling conditions, the
solidifying solid also has a tendency to reject excess solutes into the liquid ahead of
the advancing interface leading to solute segregation [8].
The cast structures usually exhibits three zones: the outer chill zone, intermediate
columnar dendrite zone and an equiaxed zone [8]. Fig.2.1 shows a typical example of
different zones obtained in twin roll strip casting. Macro and micro segregation of
solute occurs in these zones. Due to unique high cooling rate encountered during
strip casting, the solidification structures are usually finer than conventional cast
steels.
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Figure 2.1: Solidification zones in a twin-roll strip cast steel [9].
The chill zone consist of randomly oriented fine equiaxed grains formed as a result of
heterogeneous nucleation on the substrate. The columnar zone developing from the
chill zone show strong crystallographic orientation preference. Equiaxed zone may or
may not be present in the cast structure. If present, consists of equiaxed grains with
random orientation.
The factors affecting different solidification structures of strip cast stainless steels
have been investigated by many researchers and the proportion of these newly forming
solid zones is found to depend mainly on the casting variables: (1) casting velocity
(2) melt temperature (3) substrate topology and (4) chemical composition
2.2.1.1 Casting velocity
The casting velocity during DSC not only determines the productivity but also the
contact time between the molten melt and the rolls. Consequently, the strip thickness
is closely related to the casting velocity. Moreover, in natural convective cooling, the
strip cooling rate will be proportional to its thickness. Therefore, casting velocity
is one of the important parameters which directly and indirectly determines the
microstructure development during strip casting.
Varying the melt dwell time in a simulated strip casting assembly, the thickness of a
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low-carbon steel strip was reported to increase in proportion to the dwell time [10].
By TRC stainless steels at different casting speeds, Yamada et al[11] presented an
empirical relation between strip thickness and casting velocity
> = 2Krtn (2.1)
where > is the strip thickness in mm, Kr is solidification coefficient, which is usually
assumed ∼20 mm/min 12 [12] and t is contact time in minutes. Although the casting
velocity is not explicitly defined in equation 2.1, the speed at which casting is carried
out determines the contact time (t) between the melt and the rolls. This contact time
is included in the empirical relation obtained from the experiments. In agreement to
the previous results, Mizoguchi [13] also showed that twin-roll casting at a slower
speeds increases the thickness of strip. They also pointed out that the ratio of
columnar zone to equiaxed zone changes in proportion to the thickness, while the
thickness of chill zone remains constant. The columnar zone is reported to decrease
in proportion to the strip thickness, while the equiaxed zone was found to be fairly
uniform. Typical relation between the strip cooling rate, which depends on the
casting velocity, and the thickness is schematically shown in Fig.2.2.
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Figure 2.2: Typical range of secondary dendrite arm spacing in strip cast and
conventionally cast steels. Adapted from ref [14] and [11].
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Compared to thick and thin slab casting process, rapid cooling conditions during
strip cast solidification results in relatively finer dendritic structure (Fig.2.2.) [6].
The secondary dendrite arm spacing (SDAS) ranges between 5 to 15 µm [15], 1 to
5 µm [16], depending on the strip casting velocity. Whereas, the SDAS in steels
produced by other continuous casting are 2 to 3 orders of magnitude larger.
2.2.1.2 Melt temperature
Different to casting speed, higher melt superheat temperature produces only a
marginally thinner strips [17]. Increasing the superheat of molten metal increases the
amount of heat to be extracted and thereby reducing the transient heat flux between
molten metal and the substrate [18]. On the other hand, higher superheat can provide
better contact between the substrate and the melt due to lower surface energy and
higher solubility of species in the melt. Due to this complex interaction between
the mentioned factors, uncertainty exists in literature on the effect of superheat on
nucleation and microstructure development in strip casting [6].
In regards to the effect of melt temperature, two dissimilar results were obtained.
Experimental studies [13, 19, 20] show that increasing the superheat leads to a
finer microstructure. However, Strezov [18] found that increased super heat had
an opposite effect and produced coarse columnar microstructure. Research by Liu
at al. [21] supports Strezov’s view and clearly shows that as the super heat of the
melt increases, the equiaxed grains in the centre of the sample decreases resulting in
increased grain size, as shown in Fig.2.3. It is therefore unclear about the effect of
superheat on a given steel composition.
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Figure 2.3: Microstructures of Fe-3%Si produced by strip casting at melt superheat
of a) 15◦C b) 35◦C and c) 55◦C [21]
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2.2.1.3 Substrate topology
It is intuitive that modifying the surface texture of substrates will have a profound
influence on the nucleation behaviour of solidifying metal. Studies on the effect of
substrate topology showed a random nucleation behaviour when stainless steels was
solidified in a smooth substrate whereas regulated nucleation occurred on top of the
ridges in a textured substrate [18]. Using the same experimental apparatus, Hunter
[22] showed that innoculants had a major influence in nucleating grains compared to
texture of substrate. The addition of titanium increased the nucleation density in
ferritic stainless steels. The reason suggested by the authors is that TiN particles
nucleate on the mould surface and establish a good contact condition, which increases
the nucleation. A strong correlation between nucleation density and grain size has
been established in stainless steel alloys [4], but the behaviour of ferritic alloys is not
yet established in the literature.
2.2.1.4 Steel chemistry
The melt chemistry plays the most importance role because it determines the
liquidus temperature, surface tension of the molten metal, cleanliness of the steel,
etc. During casting, it is well known that the solute elements redistributed ahead of
the solidifying grains and tend to segregate in the inter-dendritic regions [8]. The
extent of segregation is principally determined by the diffusivity of solutes during
the solidification process. Although interstitial elements such as carbon, oxygen,
sulphur can migrate many orders of magnitude greater than substitutional elements
[23, 24], they tends to associate with other elements to form carbides, sulphides,
oxides etc. These chemical segregation can bring inhomogeneity in the kinetics of
phase transformation and inhomogeneous mechanical properties.
The effect of inter dendritically segregated solute elements on properties of strip
cast steels is not well documented. The only study available in the open literature
concerning the effect of inter-dendritically segregating alloying element on the ferrite
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microstructure and mechanical property of strip cast steels is by Kencana et al. [25].
Their experimental evidence correlates the increased dendritic segregation of P to
smaller austenite grain size and increased ductility of the steel. Other researchers
have presented a quiet different results on the effect of solutes on the grain size. This
time, the surface activity of elements such as S [4] and Te [26] have shown to increase
the nucleation density due to their ability to reduce the surface tension and improve
the wetting characteristics of molten steel. A strong correlation between increasing
sulphur content and decreasing austenite grain size was also shown [27].
Since solutes determine most physical properties such as density, viscosity, surface
tension of the liquid steel and has a greater influence than the substrate topology
[22], one can understand the significance of steel chemistry in strip casting. The steel
chemistry has a complex effect on the solidifying structure and even small changes
in the alloying elements could significantly influence the final microstructure of strip
cast steels.
2.2.1.5 Simulating DSC
Commercial scale strip casting incorporates a twin roll geometry (Fig.1.1c) to produce
thin strips which solidify on rotating copper rolls. As outlined earlier, the as-cast
microstructure of the strip depends on the composition and processing variables.
Although pilot scale strip casters can produce large amounts of material, the disad-
vantage of using a full-scale caster to study DSC is the expense of installing and
maintaining the caster, along with the fact that only one composition can be trialled
in any one time. An alternative method is to utilise one of the rapid solidification
technologies such as splat quenching [6], levitating drop [28] or substrate immersion
[27] to closely simulate the rapid cooling conditions encountered during strip casting.
In the present experiments, substrate immersion was chosen to approximate strip
casting because it has been shown to produce a similar microstructure to commercial
scale DSC [27]. Moreover, the substrate immersion method can be used to examine
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multiple steel chemistries in a single casting experiment.
2.2.2 Microstructure development
Most carbon steels and micro-alloyed steels, which is of interest to this thesis, undergo
different stages of solid state phase transformation during strip casting. Carbon
steels generally begin their solidification by crystallising as delta ferrite (δ - BCC)
close to 1500◦C creating dendritic structures. Subsequently, the austenite (γ - FCC)
nucleates from the delta ferrite at around 1400◦C and finally the austenite transforms
to ferrite (α - BCC) at temperatures below 900◦C [29].
The chemical composition of the steel not only influences the solidifying structure,
but also the solid state phase transformation characteristics, which in turn affects the
final microstructure. For example, Fe-C phase diagram presented in Fig.2.4 shows
the effect of carbon on transformation sequence during solidification.
(a) (b)
Figure 2.4: Equilibrium binary Fe-C phase diagram showing the effect of carbon on
(a) solidification sequence, (b) solid state transformation.
Regardless of the sequence of solid state phase transformation, the final ferrite
morphology determines the mechanical properties of steel and the choice of further
processing to certain extent. Depending on the alloying elements present in the
steel, various microstructures are obtained as a result of austenite (γ) to ferrite
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(α) phase transformation. Conventional hot rolled plain carbon steels typically
exhibits polygonal or equiaxed ferrite grain morphology [1]. On the other hand, the
decomposition of austenite during strip casting of carbon and micro-alloyed steels
usually results in convoluted and non-equiaxed ferrite microstructure [6, 15, 27, 30].
A short overview of the nomenclature of austenite decomposition products and the
influence of few important factors such as solute, cooling rate etc, that influences
the austenite to ferrite transformation characterises are presented.
2.2.2.1 Austenite decomposition during isothermal transformation
The austenite decomposition products are usually classified by its microscopic shape
(appearance) and the carbon distribution within it. Each of them have a distinctive
grain shape, size and morphology, various degrees of internal dislocation, subgrain
densities and grain boundary misorientations [5]. The classic austenite decomposition
products during isothermal transformations can be broadly classified into four major
categories: Polygonal Ferrite, Pearlite, Bainite and Martensite.
Polygonal Ferrite
At temperatures just below austenite (see Fig.2.4b), under isothermal conditions
or slow cooling rates, allotriomorphic ferrite nucleates at the grain boundaries of
austenite and continues on the grain boundary contour as shown in Fig.2.5 . This
ferrite is partially coherent with at least one of the adjacent austenite grains [5] and
is proposed to have a specific orientation relationship with either one or both of the
prior austenite grains. The orientation relationship between the parent austenite
and the austenite grain boundary nucleated ferrite include Young-Kurdjumov-Sachs,
Nishiyama-Wassermann, and Bain [31]. These ferrite transform into a polygonal
shape or shapes that reduces the surface energy.
Pearlite
When a medium carbon steel is slowly cooled from austenite, the carbon solubility
difference between the austenite and the ferrite normally leads to super saturation
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of austenite with respective to ferrite. This supersaturated austenite transforms
to ferrite and cementite (Fe3C) by a eutectoid reaction that results in alternating
lamellar structure known as pearlite. Typical morphology of pearlite is shown in
Fig.2.5
Figure 2.5: Pearlite colonies [32]
Bainite
Bainite is an aggregate plate shaped ferrite separated by cementite, untransformed
austenite or martensite [33]. Bainite usually nucleates at the austenite grain bound-
aries and grows into a wedge shape sheaf. Mehl [34], in his early work on medium
carbon steels, recognized two different morphologies of bainite and designated them
as upper and lower bainite. This is schematically shown in Fig.2.6.
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Figure 2.6: Schematic of upper and lower bainite transformation. From ref.[33]
Upper bainite forms at relatively high temperatures, around ∼500◦C [35]. Typical
morphology consists of adjacent platelets of ferrite, decorated by elongated carbide
particles. During the bainitic transformation the excess carbon is rapidly precipitated
or rejected into the surrounding austenite to form carbides. The platelets adjacent
to each other maintain same crystallographic orientation to each other. Quantity of
carbide surrounding the ferrite depends on the carbon concentration of the steel.
Lower bainite is similar to the upper bainite, whereas in here, the carbide precipitates
within the ferrite and the amount of inter-plate cementite is relatively less. Depending
on the chemical composition, lower bainite transformation occurs at temperatures
around 200◦C to 450◦C [35]. As the transformation temperature increases, the sheaf
aspect ratio, dislocation density, the sub-unit number per sheaf decrease, and the
sub-unit or sheaf width increases [5].
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2.2.2.2 Austenite decomposition during continuous cooling
Different to conventional ferrite/pearlite microstructure in an isothermally trans-
formed carbon steel, modern metallurgical manufacturing process such as strip
casting, welding, and thermomechanical processing involve continuous cooling and
continuous decomposition of austenite. Due to this continuous cooling nature of
strip casting, difficulty arises in distinguishing and identifying various austenite
decomposition products when observed under microscope.
Many of the recent attempts in classifying the ferrite microstructure under modern
transformation processing conditions include the system proposed by International
Institute of Welding (IIW) [36], Bainite Research Committee of Iron and Steel
Institute of Japan (ISIJ) [37, 38], the classification systems proposed by Krauss for
ASM International (formerly American Society for Metals) [34, 39] and a classification
proposed by Bhadeshia [33]. The nomenclature proposed in ISIJ and ASM systems
are developed based on detailed experimental observation. Whereas, the one proposed
by Bhadeshia is based on fundamental phase transformation mechanism. Similar
to ISIJ, the IIW system of classification is also an empirically based on optical
microscopy observation of steel weld metals.
Depending on the classification system adopted by the investigator, each microstruc-
ture may be labelled in several names. For maintaining consistency throughout
this thesis, a brief overview of the nomenclature of various ferrite morphologies is
presented in the following section. The terminology is mainly adopted from ISIJ
[37] system, apart from the definitions of bainite and accicular ferrite which are
adapted from Bhadeshia [5]. However, in many cases such as strip casting conditions,
the decomposition of austenite and its products are not fully understood. As a
result, some controversy exists in the mechanism of each ferrite formation and its
nomenclature.
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Ferrite
Irrespective of the classification system, a general agreement exists on the formation
of equiaxed polygonal ferrite. IIW nominates this morphology as PF (primary ferrite)
and distinguishes into PF(G) and PF(I) for primary ferrite that nucleates at the
grain boundaries and grain interiors respectively. This polygonal ferrite is symbolised
as ”α” by Bhadeshia, ”αp” by ISIJ and ”PF” by ASM. The polygonal ferrite is also
referred as allotriomorphic [5] and proeutectoid ferrite [34] when present in a partially
transformed steel.
Quasi polygonal ferrite (αq)
Quasi polygonal ferrite (αq) is a term used by ISIJ system to identify the microstruc-
tures that form at temperatures just below the polygonal ferrite. Grain boundaries
of this ferrite are irregular and jagged in shape and has relatively high dislocations.
This microstructure differs from polygonal ferrite which has straight boundaries and
virtually dislocation substructure free. This type of ferrite is also termed as massive
ferrite, partly due to its size and to differentiate from polygonal ferrite [5, 34].
Widmansta¨tten ferrite (αw)
Widmansta¨tten ferrite is a wedge shaped microstructure that grows in colonies of
parallel plates, predominantly nucleating at the interface between austenite and pre-
existing allotriomorphic ferrite[40]. ISIJ system uses αw to denote Widmansta¨tten
ferrite. When carbon steels with large austenite grain size are cooled fast, αw forms
at the temperature range just below the polygonal ferrite temperature. As the
Widmansta¨tten ferrite grows, the excess carbon partitions into the austenite. The
remaining carbon enriched austenite (∼5%) transforms to martensite or degenerated
pearlite [5], depending on the composition and the cooling rate. Pearlite is favoured
over martensite when the cooling rate is slow. Welding terms generalises the isolated
carbon enriched phase as ‘microphase’. To describe these microphase IIW uses
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the term FS(A) – ferrite aligned second phase and FS(SP) – Ferrite side plate for
Widmansta¨tten side plate.
Figure 2.7: Schematic representation of (a) allotriomorph, Widmansta¨tten and (b)
acicular ferrite [5]
Acicular Ferrite
Acicular ferrite is usually lath shaped [41] or lenticular shaped [5] ferrite that nucleates
in the intra-granular sites of austenite (Fig.2.7), commonly observed in weld metals.
Coarse austenite grain size and presence of inter-granular inclusions are known to be
a prerequisites for acicular ferrite nucleation.
Bhadeshia [5] opine that acicular ferrites are intra-granularly nucleated bainite. For
bainite formation, the austenite grain size has to be small. However, when the
austenite grains are large, rather than nucleating from austenite grain boundaries,
these bainites nucleates on non-metallic inclusions, which are sometimes referred
as acicular ferrite. Relatively high dislocation density is the characteristic feature
of acicular ferrite when observed under TEM. Accelerated cooled steels and weld
metals are known to consist this type of ferrite microstructure.
ASM system classifies banitie and acicular ferrite into one group. Similarly, the ISIJ
system uses “α0B” to describe acicular/bainitic ferrite. IIW denotes them as ”AF”.
Since bainite and acicular ferrite have dispersed retained austenite or carbide in
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the ferrite matrix, they are very similar in many aspects. However, according to
Honeycomb and Bhadeshia [5], bainite and acicular ferrite has distinctive morpholog-
ically as well as different nucleation sites. The morphological difference is essentially
the difference in the orientation of sheaves. Bainitic ferrite has parallel sheaves and
nucleates directly from the austenite grain boundaries, whereas acicular ferrite has
no sheaves and nucleates on the intermetallic inclusions. Therefore it is useful to
adopt Bhadeshia’s view to differentiate the acicular ferrite and the bainite.
Granular Bainite
A clear distinction and morphological features of upper and lower bainite in carbon
steels are well recognized. However, during continuous cooling of many low carbon
and low alloy steels the distinction is not obvious. Bainite takes a form of coarse
plate with granular aspect [5]. Granular bainite is frequently used to refer this type
of bainite (Fig.2.8b). In contrast to bainitic ferrite, shown in Fig.2.8a, the sheaves of
granular bainite are coarse and the dispersed particle appear to have an equiaxed
morphology when observed through optical microscope.
(a) (b)
Figure 2.8: (a) Bainitic ferrite (b) Granular bainite [34].
ASM uses “granular ferrite or granular banitic ferrite” terminology and ISIJ uses αB
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to describe granular banite. IIW uses the term FS meaning Ferrite with Second phase
to describe the acicular ferrite and granular bainite in general. It also uses FS(NA)
– not-aligned to describe granular bainite and FS(A) – aligned for BF. However,
this terminology makes it impossible to differentiate between bainitic ferrite and
Widmansta¨tten ferrite.
To summarize, “banitic ferrite” is similar to upper bainite, but without the carbides
and nucleates from austenite grain boundaries. A schematic representation is shown
in Fig.2.9. “Acicular ferrite” may or may not have carbon rich phase and nucleates
in the grain interiors. Granular bainite generally has an irregular shape carbon rich
phase. The important difference between Widmansta¨tten ferrite and bainitic ferrite
is the nucleation site and dislocation density.
Figure 2.9: Schematic representation of (a) Bainittic Ferrite (b) Upper bainite (c)
Lower banitie [35].
2.2.2.3 Kinetics of austenite decomposition
The chemical composition, austenite grain size and the cooling rate during austenite
decomposition determine the austenite to ferrite transformation temperature as
well as the morphology of ferrite. Depending on the chemical composition of the
steel, rapid cooling favours the formation of martensite whereas slow cooling forms
polygonal ferrite. Widmansta¨tten ferrite, bainite, and acicular ferrite are formed at
intermediate cooling rates [29].
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In strip casting, cooling rate during austenite to ferrite phase transformations is
expected to vary between 20 [42] to 60 ◦C/s [43], whereas in a 50 mm thick slab
casting process, the cooling rate ranges 0.4 to 1 ◦C/s [44]. Large thickness of
conventionally cast steels generally results in a temperature gradient and varying
cooling rates within the sample thickness. Whereas in strip cast steels, due to its
minimal thickness, the temperature is anticipated to be uniform throughout the
thickness. As a results, the kinetics of phase transformation is fairly uniform.
Continuous cooling transformation (CCT) diagrams are generally used when repre-
senting the extent of phase transformation for a given steel composition. Typical
CCT diagram of a strip-cast Nb micro alloyed HSLA steel is shown in Fig.2.10,
from which one can clearly witness the effect of cooling rate. When a particular
steel composition is cast by slow cooling process, polygonal ferrite morphology is
predicted. On the other hand, fast cooling during strip casting results in bainitic
microstructure [43].
Figure 2.10: Continuous cooling transformation of a Nb micro-alloyed strip cast steel
[43].
An interesting aspect of strip casting is that rapid cooling directly from liquid melt
completely suppresses Niobium precipitation [45]. Moreover, Nb in solid solution
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has been attributed for the increased undercooling during the austenite to ferrite
phase transformation [43]. The influence of other micro alloying elements on phase
transformation behaviour during strip casting is yet to be explored.
2.2.3 Precipitation Phenomenon
Many steel alloys has second phase particles. Precipitation occurs in a temperature
range in which it is energetically favourable for the alloy to separate into different
phases, and typically occurs more quickly at higher temperatures due to increased
diffusivity. It is widely accepted that precipitation occurs by nucleation and growth
mechanism [46].
Precipitates typically present in steels are sulphides, nitrides or carbides such as
MnS, AlN, Fe3C etc. and its complex mixture. In micro-alloyed steels, the presence
of Ti, V, Nb form its respective carbo-nitride precipitates. In conventional casting
process, precipitates that are formed from residual trace elements are very coarse
[47]. However, during strip casting low carbon steels, solutes tend to form very fine
precipitates or remain supersaturated in solid solution [48]. Very few research has
been conducted to study the precipitate evolution during strip casting. Nearly all
studies acknowledges the presence of nano size MnS [49], AlN [15], Cu2S [50] and
complex nitride, sulfide [51] precipitates that are orders of magnitude smaller than
the precipitates in conventionally cast steels.
It is important to note that the processing conditions greatly influence the precipita-
tion behaviour. As pointed out earlier, the casting velocity determines the thickness
of strip cast samples, which in turn determines the cooling rate. Moreover, industrial
scale twin roll casting is usually followed by hot rolling and coiling. Most studies on
precipitation behaviour during strip casting, available in the open literature, has been
conducted at slow casting velocities with or without inline hot rolling and coiling.
Apart from fine incoherent precipitates, it has been shown in other alloy systems
such as Al-Cu, that ‘pre-precipitation’ occur due to the presence of coherent clus-
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ters/precipitates (Guinier-Preston zones) in the matrix. These coherent clusters leads
to strengthening by coherency strengthening and chemical strengthening [52]. This
pre-precipitation or coherent clusters is not commonly observed in steels, since in
conventional steel processing clusters tend to disappear rapidly to form precipitates.
Recently, Xie et al [45] reported that niobium micro-alloyed steel produced by strip
casting did not show any precipitates in as-strip-cast condition. Only after prolonged
heat treatment, Nb was found to be coupled with N in a non-random manner to
form clusters of size ∼10 nm, as shown in Fig.2.11. Authors also reported that
these clusters provided the steel with balanced strength and ductility due to ‘cluster
strengthening’, and strength decreased as nano-size precipitates appeared.
Figure 2.11: Atom probe tomography examination showing clusters of NbN in an
annealed Nb micro alloyed strip cast steel [45].
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These nm size clusters/precipitates are capable of restraining grain growth [51]. Yet,
studies on the effects of residual elements, especially the high temperature stable
sulphides and oxides on grain growth or microstructure development during strip
casting, are very sparse in the open literature.
2.3 Secondary Processing
In an industrial scale strip casting plant, the twin roll casting (TRC) is usually
followed by an in-line hot rolling process (Fig.1.1c). This secondary hot rolling
process is generally carried out to improve the surface finish and to modify the
as-cast microstructure. Blejde [53] reported that in-line hot rolling less than 15%
showed no significant difference between as-cast and hot rolled microstructure. Unlike
conventional casting process, the thin strips produced by DSC process limits the
opportunity for modifying the microstructure. Consequently the in-line hot rolling
is usually limited around 25% in a commercial TRC plants [54]. Following the
hot-rolling, a low temperature coiling processes is usually carried out. The extent of
deformation, coiling and deformation temperatures and the cooling rate following
these processes governs the final ferrite microstructure.
Due to the limited prospect of in-line processing, the ferrite microstructure of strip
cast steels is highly inhomogeneous [27]. Secondary thermo-mechanical processing is
necessary in order to modify the convoluted ferrite microstructure and to achieve
desired mechanical properties. The usual choice of secondary processing route in
microstructure control is by cold rolling and annealing.
2.3.1 Cold Rolling
Cold rolling is typically carried out at room temperature mainly to reduce the
thickness of the steel strip and provide surface uniformity. Strip casting produces
significantly thinner sheets compared to other processes, and this limits cold rolling
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to maximum of 50% for commercial applications compared to greater than 99%
reduction in conventional casting process [55]. The microstructure of strip cast steel
being convoluted, cold rolling is expected to affect the various ferrite microstructures
to varied extent producing an extremely complex microstructure and affects the
distribution of stored energy. This distribution will influence the structural changes
that occur during annealing [56].
When a metal is cold rolled, the stored energy in the material increases due to
accumulation and generation of new defects such as point-defects, dislocations and
stacking faults. The magnitude of stored energy in the material increases with
increasing deformation. In addition to the heterogeneity and complexity in the
deformation structures, presence of alloying elements also modifies the deformation
characteristics. It is often reported that second phase solid solution elements and
precipitates interact with the dislocations that are generated during cold rolling .
This intricate interaction governs the amount of retained stored energy and varies
with type of solute, precipitate size and shape.
2.3.2 Annealing
Annealing is a thermally activated restoration process which reduces the stored
energy of metals and is commercially done to restore strained steels to their soften
state. During this restoration process, the strength decreases and ductility increases
by repairing the strained microstructures to strain-free grains. Stored energy is
released and corresponding microstructural changes are observed. Three stages of
structural alterations are experienced by the deformed microstructures: recovery,
recrystallisation and grain growth [56]. Recovery and recrystallisation are competing
process and are main interest to this thesis.
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2.3.2.1 Recovery
Recovery embraces all the changes that occur in the crystal defects without involving
migration of high angle grain boundaries (HAGB) [56]. During recovery, the stored
energy in the material is reduced by annihilating and rearranging the dislocations
as schematically shown in Fig.2.12. It occurs uniformly throughout the sample
by a combination of climb, slip and annihilation of dislocations. Substructural
rearrangement of dislocations proceeds by annihilation of redundant dislocations at
cell walls. These cells polygonize into subgrains and growth of subgrains proceeds by
decomposing weaker walls.
Figure 2.12: Schematic of recovery stages in a strained material (a) dislocation
tangles (b) cell formation (c) dislocation annihilation (d) sub-grain formation and
(e) sub-grain growth. [56]
The kinetics of recovery is higher at higher temperatures and is also affected by
solutes and fine particles, which restricts dislocation movement. Solutes tend to affect
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the recovery by altering the stacking fault energy (SFE) [57] and/or by dislocation
pinning, which reduces the ability of dislocations to migrate freely to form cells and
sub-grains [56].
2.3.2.2 Recrystallisation
Recrystallisation is the process of formation of new undeformed grains in a deformed
material. Nucleation which corresponds to appearance of new grains, occurs at
regions of high local strains such as sub grains, prior grain boundaries, deformation
bands, shear bands and particle vicinity. The nuclei continues to grow to consume
the deformed microstructure, hence lowering the stored energy of the system [56].
The progress of recrystallisation in terms of annealing time and volume fraction
recrystallised is shown schematically in Fig.2.13. For steel processing, the annealing
time and temperature is usually chosen to avoid grain growth.
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Figure 2.13: Schematic of recrystallisation stages in a cold material showing a typical
S shaped recrystallisation kinetic curve.
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The recrystallisation time and recrystallised grain size are governed by the number
of available nucleation sites and the rate of grain growth. JMAK [56] model is
often used in predicting the kinetics of recrystallisation. In this model, at certain
temperature, the volume fraction of recrystallised grain and the time are related by
the equation.
Xv = 1− exp(−ktn) (2.2)
Where, Xv is recrystallised fraction, t is time. k and n are experimentally determined
temperature dependant constant and JMAK exponent respectively. Assuming a
spherical grain shape, the temperature dependant constant k = 4/3piNG3, encom-
passes the nucleation frequency (N), defined as the number of nuclei occurring in a
cubic volume of un-recrystallised material per second and the linear growth rate (G),
defined by the rate of change of spherical grain diameter during recrystallisation [58].
Only a hand full of studies has been conducted on the static recrystallization behaviour
of strip cast steels [51, 59]. Xu [59] showed that the recrystallization kinetic of a
strip cast low-carbon steel is significantly delayed when compared to steels produced
by other processes. Authors argued that the higher solute in solid solution was
responsible for the retarded kinetics in strip cast steel. However, nano size sulfide
precipitates [51] are also shown to influence the recrystallization kinetics of strip cast
stainless steels.
2.3.2.3 Interaction between Precipitation and Recrystallization
As pointed out earlier, during strip casting carbon and alloy steels, solutes tend to
form nano size precipitates or remain supersaturated in solid solution [48]. Depending
on the composition of the steel, annealing aids in precipitation of carbides, nitrides,
sulphides and their complex mixture.
Solubility diagrams are often used to explain the precipitation phenomena under
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the presumption that precipitation is a diffusion controlled process [60]. Though
solubility diagram may provide insights in precipitation in bulk material, there are
important constraint to be aware of when applying. The precipitation reaction in
a polycrystalline alloy is governed by the local composition rather than the bulk
composition. In the case of cold rolling and annealing a strip cast steel, the solute
elements may be present as precipitates in the deformed material or may precipitate
during annealing, in which case the distribution depends on dislocation and prior
solute distribution.
When precipitates present during deformation are fine and closely spaced, the
recovery and recrystallisation kinetics is delayed due to particle pining of grain
boundaries by Zener drag. The crucial effect of closely spaced precipitates is to
pin the grain boundaries by Zener drag [56]. For randomly distributed incoherent
spherical particles, pinning force exerted on grain boundary is given by the equation
[61]
Pz =
3γFv
2r (2.3)
Where Pz - Pinning force exerted on the boundary, γ - Grain boundary energy, Fv
- Volume fraction of particles and r - Particle radius. Various modified versions of
Zener equation have been proposed [61], but for practical applications above equation
is reported to be adequate [62].
From equation 2.3 it is evident that smaller the particle size effective its pinning.
Since strip casting usually results in particles that are orders of magnitude smaller
than conventional cast steels, particle pinning is expected to be significant in strip
cast steels than conventionally produced steels. However, it is still not clear about
the effect of concurrently evolving coherent solute clusters on the recrystallisation
kinetics and the grain size of strip cast steels.
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2.4 Theories on Grain Growth and Solute Behaviour
Diffusive transformation such as precipitation of a second phase generally occurs
by nucleation, followed by growth. It is a well known phenomenon that solutes
elements tend to influence the nucleation and growth behaviour of grains in a variety
of physical process such as phase transformation, recrystallization etc.
2.4.1 Grain Nucleation
Theoretical frameworks developed to interpret the experimental observations on phase
transformation are generally based on the classic nucleation theory [46]. Nucleation
of new phase can occur homogeneously due to random fluctuations or heterogeneously
on existing interfaces and defects such as grain boundaries, dislocations, particles
etc.
2.4.1.1 Homogeneous nucleation
According to the classic nucleation theory, the free energy change associated with
homogeneous nucleation of a β phase from an α phase is given by
∆Ghom = −V∆GV + V∆GS + Aαβγαβ (2.4)
where V∆GV and V∆GS are the volume free energy and the misfit strain energy
due to the creation of a volume V of new phase β, Aαβγαβ is increase of the free
energy due to the creation of an area A of interface α/β with a specific interfacial
energy γαβ.
For a spherical nucleus of radius r, the equation 2.4 becomes
∆Ghom = −43pir
3(∆GV −∆GS) + 4pir2γαβ (2.5)
Chapter 2. Literature Review 32
Only when a critical nuclei size r∗ is reached by the β phase, the nuclei becomes
stable and continues to grow. Schematic representation of the free energy change as
a function of nuclei radius and the activation barrier (∆G∗) is presented in Fig.2.14.
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Figure 2.14: Schematic showing the activation energy barrier and critical nucleus
size.
2.4.1.2 Heterogeneous nucleation
Under most circumstances, heterogeneous nucleation is favoured over homogeneous
nucleation [24]. Consider a β phase nucleating at αα interface (Fig. 2.15), the free
energy change associated with this heterogeneous nucleation is given by
∆Ghet = −V∆GV + V∆GS + Aαβγαβ −∆Gd (2.6)
∆Gd is the reduction in free energy due to defect destruction associated with nucle-
ation. Since γαβ and γαα are isotropic, the nucleus takes a lenticular shape [24] as
shown in Fig. 2.15 and equation 2.6 reduces to
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∆Ghet = −V∆GV + V∆GS + Aαβγαβ − Aααγαα (2.7)
α
α
θ
β
γαβ
γαα
Interphase boundary
Grain boundary
Figure 2.15: Geometrical parameters for heterogeneous nucleation. Adapted from
ref.[24]
The heterogeneous nucleation is related to homogeneous nucleation by
∆Ghet = ∆Ghom ×
[1
2(1 + cosθ)(1− cosθ)
2
]
(2.8)
where θ is the wetting angle as shown in Fig. 2.15. Based on fluid cohesion [63],
the dihedral angle (θ) and interfacial energies during heterogeneous nucleation on a
defect in a polycrystalline material is shown to be related by [24]
γαα = 2γαβ × cosθ
(
0 ≤ γαα/2γαβ ≤ 1
)
(2.9)
The implication by above equation is that when γαα i.e. the αα grain boundary
energy goes to zero, the parent grain boundary loses the potency for nucleating β
phase and homogeneous nucleation occurs. When γαα/2γαβ → 1, the boundary acts
a perfect catalyst for nucleation.
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2.4.2 Grain Boundary Migration
Once the new phase nucleates, the boundary of the new phase migrates. Grain
boundary migration occurs practically in all stages of metallurgy ie, during grain
growth, recrystallisation, phase transformation. Virtually, all the theories that
describe the physical meaning about the diffusion limited motion of a grain boundary
is based on the general theory of reaction rates proposed by Eyring in 1935 [64].
In order for the interface to move, the atoms has to migrate from one grain to the
other by crossing the grain boundary. Each atomic jump across the grain boundary
corresponds to the displacement of boundary by a length equal to the diameter of
an atom.
When analysing the experimental data, the velocity of a moving interface (V ) is
conceptually divided into driving force P and mobility M and empirically expressed
as:
V = M × P (2.10)
The linear dependency of migration velocity and the driving pressure has been
claimed to be proven unambiguously from experiments [65]. Although the above
equation may imply that the mobility and the driving pressure are independent
variables, caution should be advised as both depends on the underlying crystal
structure.
The driving pressure for grain boundary migration is defined as
P = ∆gΩ (2.11)
∆g is the Gibbs free energy reduction when the atom migrates from one grain to the
other and Ω is the atomic volume, 1.2x10-29 m3/atom for iron.
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Theoretically, gradient in any of the thermodynamic variables between the grains
can be a source of driving pressure and lead to boundary motion. For the solid
state phase transformation in iron, the free energy difference between FCC and
BCC phases is the driving force for migration. Whereas for recrystallisation, the
dislocation density difference between the recrystallising and un-recrystallised grains
is the driving force. Typical driving forces are summarised in the Table 2.1.
Typical values (MPa)
Phase Transformation 600 [65]
Deformation Stored energy 2-20 [56]
Grain boundary energy 10-2 [65]
Table 2.1: Typical driving force for grain boundary migration.
Treating grain boundary migration as a thermally activated process, the temperature
dependency of mobility (M) is generally expressed as the product of pre-exponential
factor (M0) and Arrhenius type exponential activation energy (q) given by
M = M0exp
(−q
kT
)
(2.12)
Substituting above mobility into Eq.2.10 yields
V = M0exp
(−q
kT
)
× ∆gΩ (2.13)
Above equations clearly show that any variation in activation value q due to solute
could decrease the mobility by several orders of magnitude since they are related by
exponential form. While the activation energy for grain boundary migration in pure
metal will be close to that for grain boundary diffusion, small amount (0.01%) of
solutes in iron-manganese and iron-molybdenum alloys substantially reduce the of
migration velocity by raising the q value to a much higher level [66].
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Even for dilute alloys, the concentration of solutes near the grain boundary is
higher than the matrix. As the quantity of segregated solute and its influence
on boundary migration is usually not known, the experimentally measured grain
boundary activation energy available in the literature is often difficult to interpret.
The activation energy for grain boundary migration is often orders of magnitude
higher than the diffusion through grain boundary and in many instances it exceeds
the activation energy for bulk diffusion [67]. Therefore, in order to understand
the effect of solutes on grain boundary migration, an atomistic perspective on the
distribution of different solute atoms is required.
2.4.3 Segregation Isotherms
Any defect or interface inside a crystal is characterised by unsaturated bonds and
these unsaturated bonds will have an excess energy compared to surrounding perfect
crystal. The extent of excess energy surrounding the interface depends on various
variables, particularly on the underlying crystal structure’s atomic configuration,
temperature, composition etc. The solute elements has a tendency to segregate
along these defects to minimise the total energy and has been observed in almost all
polycrystalline materials [68–70].
The solute segregation to the grain boundary is quantitatively described from a
thermodynamic framework on the basis of adsorption isotherms. Gibbs adsorption
isotherm [71] and Langmuir-Mclean [72, 73] isotherm are often used to quantify the
amount of segregation in a randomly distributed grain boundary, sometimes for
dislocations [74]. It is important to note that these isotherms are postulated under
equilibrium conditions.
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2.4.3.1 Gibbs isotherm
Following Gibbs [71], we consider a two phases (grains) at equilibrium, separated by
interface (grain boundary). These physical interfaces are not precisely one atomic
layer thick. Thus, any property variation between two phases and across the interface
will display a transition regime as shown in Fig.2.16. Gibbs replaced the real interface
transition with a hypothetical infinitely thin ’Gibbs diving surface’ for mathematical
convenience. On either side of this diving surface, a uniform phase identical to that
of the system is assumed. The solute concentration of the real interface over and
above the Gibbs dividing surface are termed as interfacial excess [75].
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Figure 2.16: Illustration of solute concentration at the real interface and the Gibbs
dividing surface
The excess amount of solute at the interface (Γi) can be obtained from bulk solute
concentration (Xs) and from the grain boundary energy (γi) using Eq.2.14 [76][77]
Γi = − 1
RT
(
dγi
d lnXs
)
T,V
(2.14)
From above equation, in principle, we can gain insight about the change in grain
boundary energy (dγi) due to solute segregation. Unfortunately, a disadvantage
of Gibbs approach is that it does not provide any relation about the dependency
between Γi and Xs. Neither the boundary energy (γi) nor its variation (dγi) with
composition is easy to measure. To overcome this issue, other phenomenological
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theories that introduces a relation between the bulk solute concentration and grain
boundary concentration have been postulated. A brief overview of these theories are
presented in section 2.4.3.2.
From an experimental point, owing to the difficulty in measuring the surface en-
ergy as a function of both temperature and bulk composition only a hand full of
experiments were conducted in 1970s by Honrads, to study the influence of solute
concentration on grain boundary energy in γ-iron and δ-iron [78, 79]. However,
recent development in atom probe tomography (APT) provides more insight into
the structure and composition of grain boundaries (GB) at an atomic scale [80].
For example, combinatorial approach using TEM and APT has been employed to
study the carbon concentration at different GB sites [70]. Figure 2.17a shows the
measured number of excess carbon atoms as function of GB misorientation and two
main conclusion can be inferred. GB carbon concentration gradually increases in
proportion to the misorientation up to 14◦ and the maximum number of carbon
atoms is < 16 atoms/nm2.
Often the energy of dislocations and low angle grain boundaries (θ < 14◦) are
calculated using Read-Shockley [81] equation:
γ = γ0θ(A− lnθ) (2.15)
γ0 =
Gb
4pi(1− ν) , A = 1 + ln
( b
2pir0
)
(2.16)
where γ is the energy per unit area of the boundary, γ0 depends on the rigidity
modulus G, the Poisson’s ratio ν and the dislocation core radius r0. Fig.2.17b shows
the relation between the grain boundary energy and its misorientation. Since the
dislocation structure becomes diffuse and the dislocation core overlaps, Read-Shockley
model is limited to θ < 14◦. By comparing the grain boundary carbon concentration
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and the grain boundary energy it is clear that the interfacial excess, defined by the
Gibbs isotherm, highly depends on the grain boundary misorientaiton angle.
(a) (b)
Figure 2.17: Dependence of (a) carbon concentration [70], (b) boundary energy [81]
on grain boundary misorientation angle.
2.4.3.2 Langmuir-Mclean isotherm
Based on equality of chemical potentials and minimum free energy of components in
equilibrium, McLean [72] put forward the treatment of Langmuir [73] type monolayer
segregation for grain boundaries in crystalline material. The main idea behind solute
segregation is that the presence of foreign atoms (solutes) introduces strain in the
host matrix and segregation can be seen as rejection of solutes in order to reduce
the strain.
A grain boundary consists of a finite number of distorted sites and its free energy is
in excess to that of the crystal. Once the solute segregates to the grain boundary,
elastic and electronic relaxation occurs. The total decrease in the free energy of grain
boundary depends on the proportion of those distorted sites filled by solute atoms.
Corresponding to this minimum energy achieved by the overall system, the relation
between the bulk and the grain boundary concentration in a binary system is given
by [82]
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Xseg
X0seg −Xseg
= Xm1−Xm exp
(
− ∆Gseg
RT
)
(2.17)
Where, Xm and Xseg are matrix and grain boundary solute concentrations respectively.
Langmuir-McLean (LM) isotherm is derived under the assumption that all site at
the GB’s are available for segregation i.e. X0seg =1 [76, 82]. The shortcoming of
Gibbs isotherm is overcome by LM model by treating grain boundary as a separate
thermodynamic phase rather than an imaginary interface which separates the grains.
The energy for segregation per mole of solute (∆Gseg) comprises of vibrational and
anharmonic term, but not the entropy term. Its value is estimated from the elastic
strain energy arising due to misfit of solute atom in the matrix, which is assumed to
be completely relaxed upon segregation [83]
∆Gseg =
24piKsGmrsrm(rm − rs)2
3Ksrs + 4Gmrm
(2.18)
Where K is the solute bulk modulus, G is the matrix shear modulus. It is worth to
point out that LM approach discounts the chemical contribution to the segregation
energy. Models that have been proposed by extending and refining the Langmuir-
McLean model include Hondros and Seah [79] using truncated BET, Wynblatt and
Ku [83] taking into the account of chemical contribution and changes in the entropy
[84], Lejeck and Hofmann [85] using so-called compensation effect between segregation
enthalpy and entropy.
Seah and Hondros [79] modified the LM isotherm taking interstitial solutes into
consideration. In case of interstitial atoms, not all grain boundary solvent atoms
are replaced by the solute which is segregating at interstitial positions. While,
the substitutional positions in the grain boundary remain occupied by the matrix
atoms, the interstitial segregation is said to be complete when all possible interstitial
positions are occupied by the segregating species. The Seah-Hondros (SH) isotherm
takes a form [76]:
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θseg
(1− θseg) =
Xm
(1−Xm) exp
(−∆Gseg
RT
)
(2.19)
Where, θi ≡ ΓiΓ0 [66], Γ0 is the maximum possible solute atoms that can segregate in
the first monolayer of grain boundary and Γi is the interfacial excess, one defined by
Gibbs isotherm.
2.4.4 Effect of solute segregation on boundary migration
Theoretical frameworks developed over the years to explain the effect of solutes on
grain boundary migration have diverged dealing with either the thermodynamic
property of the boundary by solute stabilization or the kinetics of the migrating
boundary by solute drag [86].
2.4.4.1 Boundary Stabilization by Solutes
The significance of grain boundary solute segregation on grain size stabilization has
been realized in many binary alloy nano-crystalline solids [87–89]. In these systems,
the alloying elements are highly immiscible with high segregation energy values that
can reduce the grain boundary energy to a greater extent consequently slowing or
preventing grain growth. Weismuller [90] presented the thermodynamic concept
describing this grain boundary stabilization effect by combining Langmuir-McLean
equation and Gibbs adsorption and presented it as follows.
γ = γ0 − Γ0
(
∆Hseg +RT ln
(
ns
Ns
))
(2.20)
Where, γ is the grain boundary energy after solute segregation, γ0 is the grain
boundary energy of pure metal (Fe), ∆Hseg is the enthalpy of segregation, ns =
number of solute atoms inside the grains and Ns = Number of lattice sites. The
enthalpy change (∆Hseg) is the amount of energy gained by the total system due
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to segregation and defined positive. The second term inside the brackets is the
configurational entropy loss within the grain, which will always be negative.
Many modified analytical models [83–85] have been proposed to correlate the grain
boundary energy and the enthalpy change based on the atomic misfit of solute. Liu
and Kirchheim [91] adopted Weismuller’s model to accommodate the grain size effect
in a polycrystalline material and derived an analytical equation (Eq.2.21) for grain
boundary segregation.
γ = γ0 − Γ0
(
∆Hseg +RT ln
(
C0 − 3ΓiVm
D
))
(2.21)
where Γi is the interfacial excess at grain boundary, C0 is the bulk solute concentration
and D is the grain size. The main implication of above equation is that the grain
growth stops and the grain size reaches a metastable equilibrium only when the grain
boundaries are saturated with solute. Thermodynamic frameworks mainly focus on
the equilibrium state and the kinetic effect on grain boundary energy during grain
size evolution is often neglected. In fact, both C0 and Γi changes with grain size,
consequently the grain boundary energy γ.
2.4.4.2 Solute Drag
Solute drag theories are based on the idea that when an interface or a boundary
migrates, the solute atom need to diffuse along with the grain boundary in order
to maintain its equilibrium concentration. The excess solute concentration tend
to become asymmetric as the boundary migrates. The drag force exerted on the
migrating grain boundary due to this asymmetry is termed as Solute drag [66, 92].
Lucke and Detert [93] proposed an energetics approach to describe the concentration
spike (Γ) at the grain boundaries based on the interaction energy E between the
solute and the grain boundary .
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Γ = 4
√
2C0
a20
exp
(−E
RT
)
(2.22)
where C0 is the bulk concentration, a0 is the lattice constant, R and T are gas
constant and temperature respectively. Characteristic shape of grain boundary
concentration and the energy E of solute atom is schematically shown in Fig.2.18.
The energy of solute atom is lower when present in the grain boundary and higher
when present in the matrix.
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Figure 2.18: Schematic solute concentration and grain boundary interaction energy
profiles.
Based on the interaction energy between the solute and the moving boundary, Cahn
[94] proposed the widely used solute drag theory. Cahn suggested that the drag force
(Pdrag) exerted by the solute elements on a migrating grain boundary is given by:
Pdrag = − 1
Vm
∫ λ
−λ
Ci − C0
(dEx
dx
)
dx (2.23)
λ is the grain boundary thickness, C0 is the bulk concentration, Ci is the interface
concentration and Ex is solute grain boundary interaction energy. The interaction
force is defined by the rate of change of energy of solute with respect to grain
boundary distance ie dE
dx
(Fig.2.19b).
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Figure 2.19: (a) Typical solute-boundary interaction energy profile assumed for
solute drag calculations (b) The interaction force (dEx
dx
) between the boundary and
the solute (c) Schematic of grain boundary velocity dependent solute drag pressure.
Cahn [94] assumed a wedge shape interaction energy potential as shown in Fig.2.19a
and showed that for an interface velocity ν, the drag pressure approximates to
Pdrag =
aνC0
1 + b2ν2 (2.24)
where a and b are the assumed diffusion and free energy parameters
a = (RT )
2λ
DMintE0
(
sinh
(
E0
RT
)
− E0
RT
)
b =
√
aRTλ
2DMintE20
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For a constant driving pressure, increasing the solute concentration increases the
drag pressure. The velocity dependent drag pressure is schematically shown in
Fig.2.19c. The drag pressure is zero for a stationary boundary. As the interface
velocity increases, the solute diffusion limits the solute partitioning rate and thereby
increasing solute drag. However, at large interface velocities the solute partitioning
stops and so the solute drag.
Although the reviewed solute drag (kinetic) and grain boundary energy reduction
(thermodynamic) models appear to be in qualitative agreement with many experi-
mental results, it should be kept in mind that there is always an interplay between
the kinetic and thermodynamic parameters. Moreover, in a polycrystalline materi-
als, especially, strip cast steels usually contain more than one phase and the grain
morphology and size are highly inhomogeneous.
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2.5 Summary and Scope of Thesis
Previous chapters provided an overview of the influence of casting conditions on
microstructural development during strip casting. It is noted that only a limited
number of studies are available in the open literature on this topic. Possible secondary
processing routes to modify the as-cast structure have also been discussed. Theoretical
framework on solute behaviour and its effects on microstructure development has
been outlined. This review has highlighted some key points on steel microstructure
evolution and identified potential gaps in the literature.
Most research on steel strip casting has been conducted on sheet products that
underwent some sort of secondary processing such as in-line hot rolling, coiling, that
alters the true as-strip-cast microstructure. Therefore, the as-solidified structure is no
longer apparent. This is an important gap in the literature because the microstructure
development during strip casting is coupled with the solidification parameters.
There has been little systematic investigation on the influence of carbon on the
as-strip-cast microstructure. Carbon is the most important alloying element in steel,
and its influence on the development of microstructure and precipitates, particularly
carbides, in strip cast steels remains unclear.
Significant research has been carried out for decades on the influence of solutes on the
microstructure of carbon steels, and resulting mechanical properties. However, the
effect of solutes on austenite to ferrite phase transformation behaviour during strip
casting is still an open area for research. For example, strip casting a low carbon
Nb micro-alloyed steel promotes bainite, whereas the absence of Nb results in ferrite
[43]. It is not clear how the presence of a strong carbide forming element, such as
vanadium, influences the strip cast microstructure.
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In terms of secondary processing, very little information exists on the cold deformation
behaviour of strip cast steels, particularly the stored energy. The stored energy being
the driving force for recrystallisation, it is not known what the effect of carbon and
vanadium will be on the stored energy of strip cast steels, before and after cold
deformation.
In literature, the static recrystallisation kinetics of a strip cast low-carbon steel is
reported to be significantly retarded due to solutes in solid solution [59]. However,
conflicting reports attribute this same effect to particle pinning [51]. In addition,
some solute species have been shown to form nano-size clusters during coiling [30].
Therefore, the precise mechanism of retarded recrystallisation in strip cast steels is
still an open question.
This thesis will mainly focus on the effect of solutes on as-strip-cast microstruc-
ture development and recrystallisation behaviour, and less on the melt processing
conditions. The three main objectives of this project is set to systematically study:
1. The influence of carbon concentration on the microstructural development of
strip cast steels, with and without the presence of the strong carbide forming
element vanadium.
2. The deformation behaviour of strip cast samples with different solute carbon
and vanadium contents.
3. The effect of alloy composition on the static recrystallisation kinetics of strip
cast carbon and vanadium containing steels. The morphology and composition
of precipitates, and their effect on grain size will also be examined.
Chapter 3
Experimental Methodology
3.1 Introduction
From microstructural to atomic scale investigations were carried out to examine the
solute behaviour of as-cast and thermo-mechanically processed samples using optical
microscopy, scanning electron microscopy (SEM), electron backscatter diffraction
(EBSD), transmission electron microscopy (TEM) and atom probe tomography
(APT).
3.2 Casting &
Thermo-mechanical Processing
3.2.1 Casting
A schematic representation of the experimental apparatus, designed by Strezov [18],
to simulate steel strip casting condition is shown in Fig.3.1. Approximately 100
kg of iron was melted in a 75 kW induction furnace and alloying elements were
added successively to attain the desired steel composition. The melt temperature
48
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was constantly monitored by a thermocouple located 40 – 50 mm below the melt
surface.
Figure 3.1: Schematic representation of immersion apparatus that simulates strip
casting conditions.
The slider assembly consists of two major components: an immersion paddle and a
piston arm, connected to two computerized electric motors that control the velocity
of the slider assembly. Two steel electrodes with 5 V direct current are equipped
along the paddle to sense the melt height. The paddle is programmed to immerse
and retract rapidly at a chosen velocity of 60 m/min, once the melt height is sensed.
Typical paddle velocity profile is schematically shown in Fig.3.2. Molten steel
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solidifies on the copper substrates fitted to the paddle.
Figure 3.2: Schematic velocity profile of the paddle.
During the immersion and retraction sequence, to avoid the induction field interfering
with the substrate thermocouple and to avoid induction heating of the paddle, the
furnace was turned off seconds before the immersion. Thin strip of sample solidifies
on the substrate when the paddle is immersed into the melt. The average residence
time of the paddle in the melt was around 0.2 s. Once the paddle is retracted from
the melt, the cooling gas in the paddle was turned on and the solidified samples were
carefully removed from the substrate. The substrate was then cleaned with a wire
brush to remove any oxide layer before the next immersion cycle.
The cooling rate of the solidified sample varied from 40◦C/s to 15◦C/s (Fig.3.3).
The dimensions of a steel sample solidified on copper substrate is shown in Fig.3.4.
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The thickness varied approximately between 0.9 mm to 1.2 mm.
Figure 3.3: Typical cooling curve of a solidified strip measured using an optical
pyrometer [95].
Figure 3.4: Dimensions of strip cast steel solidified on the copper substrates of the
immersion apparatus.
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3.2.1.1 Composition
Two groups of steels, Group I and Group II, with a systematic increase in carbon
concentration were strip cast using the immersion apparatus. Compositional analysis
of the cast samples were carried out using an optical emission spectrometer, SPEC-
TROMAXx. The compositional details of the alloys are summarised in Tables 3.1
and 3.2. The Group I are binary Fe-C alloys that have gradual increase in carbon
concentration and collectively termed as Fe-C binary. The Group II has systematic
increase in carbon along with ∼1 wt%V. In addition, a composition corresponding to
a micro alloyed steel was also cast. The micro alloy and 1 wt%V alloys are collectively
termed as Fe-C-V ternary. Casting was carried out in various batches at different
times using a slightly different base material, as a result there is a small deviation in
the trace element concentration. For each steel composition, at least three immersion
cycles were carried out.
As can be seen from the Tables 3.1 and 3.2, the minimum carbon concentration
in Fe-C binary and Fe-C-V ternary alloys is 0.02 wt%. This composition was the
minimum obtainable carbon level using the materials and equipment available. It also
corresponds to the maximum solubility of C in ferrite at the eutectoid temperature.
Therefore, 0.02wt%C was the lowest carbon concentration studied. From the Fe-C
phase diagram (Fig.2.4a), it is evident that the carbon concentration determines the
solidification sequence during casting. Remainder of the carbon concentration were
chosen accordingly to study the effect of solidification sequence on microstructure
development during strip casting.
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Composition
C Al Si Mn S P N V Fe
Melt
(wt%) Temperature
C02 0.02 0.002 0.0005 0.111 0.02 0.02 0.01 0.002 Bal. 1567◦C
C09 0.09 0.002 0.1100 0.172 0.02 0.02 0.04 0.003 Bal. 1537◦C
C14 0.14 0.002 0.0005 0.116 0.02 0.02 0.01 0.003 Bal. 1556◦C
C22 0.22 0.002 0.0008 0.110 0.02 0.02 0.01 0.003 Bal. 1548◦C
C30 0.30 0.002 0.0004 0.121 0.02 0.02 0.01 0.002 Bal. 1547◦C
C46 0.46 0.002 0.0005 0.128 0.02 0.02 0.01 0.002 Bal. 1537◦C
Table 3.1: Group I - Fe-C binary steels
Composition
C Al Si Mn S P N V Fe
Melt
(wt%) Temperature
C09V04 0.09 0.002 0.1100 0.172 0.02 0.02 0.04 0.04 Bal. 1537◦C
C02V1 0.02 0.006 0.0009 0.11 0.02 0.02 0.04 0.95 Bal. 1583◦C
C14V1 0.14 0.006 0.0009 0.11 0.02 0.02 0.04 0.94 Bal. 1571◦C
C22V1 0.22 0.006 0.0009 0.11 0.02 0.02 0.04 0.93 Bal. 1561◦C
C30V1 0.30 0.006 0.0009 0.11 0.02 0.02 0.04 0.93 Bal. 1558◦C
C42V1 0.42 0.002 0.0005 0.11 0.02 0.02 0.01 0.82 Bal. 1530◦C
C46V1 0.46 0.006 0.0009 0.11 0.02 0.02 0.04 0.92 Bal. 1548◦C
Table 3.2: Group II - Fe-C-V ternary steels
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3.2.2 Cold Rolling
Cold rolling of strip cast samples was carried out using a hand rolling mill, with the
aim of achieving 50% reduction of thickness in multiple passes. Strain rate was not
considered as an important factor during rolling. Due to a small variation in the
thickness of the as-cast specimens, the final thickness of the cold rolled samples were
approximately 500 µm.
3.2.3 Annealing
To study the recrystallisation kinetics of cold rolled samples, static annealing was
performed in a medium muﬄe furnace at 650◦C. This temperature was chosen
because it is low enough to be within the ferrite phase field, bt high enough to make
the recrystallisation rates practicable. Depending on the chemical composition of
the steel, the annealing time varied from 100 s to 172800 s (48 hrs). After annealing,
the samples were quenched in cold water.
3.3 Characterization
3.3.1 Microscopy
Samples for microscopic examination were produced by sectioning along the casting
or rolling direction using a silicon carbide disc. The sectioned samples were hot
mounted, using conductive PolyFast Bakelite resin, perpendicular to the sectioned
direction in Struers-CitoPress-20 at 180◦C and 2 bar pressure. All microstructural
analysis conducted were along the through thickness direction, unless otherwise
mentioned. The mounted samples were ground through a series of successively finer
grades of silicon carbide paper: 240, 600 and 1200 grit. Ground samples were then
ultrasonically cleaned for 5 minutes in ethanol and dried under heat source before
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polishing.
Struers-Rotopol-21 was used for metallographic polishing. Three different diamond
suspensions 9 micron, 3 micron and 1 micron were used in polishing the samples.
The final stage of polishing was carried out using OPS solution. Between every
polishing stage, samples were ultrasonically cleaned in ethanol.
The samples were then etched using 3% Nital solution (nitric acid: ethanol, 3:100)
for optical observation. An Olympus high-resolution microscope (DP-70) was used
for all optical microscopic observation of the samples. Images from the microscope
were captured using DP-70 imaging software.
3.3.1.1 Scanning Electron Microscopy
Angle selective backscatter imaging
Angle selective backscatter (AsB) imaging was carried out in Zeiss SUPRA-55VP
FEG SEM, operated at an accelerate voltage of 20 kV. The back scatter gain and
working distance were optimised to maximise the orientation contrast.
Electron back scatter diffraction
The crystallographic features of microstructure were determined by electron back
scatter diffraction (EBSD) using HKL-Flamenco or HKL-AZtec acquisition software
interfaced to a Zeiss LEO-1530 FEG SEM. The working distance was set between 8
mm to 16 mm and the sample tilt with respect to the electron beam was 70◦. In
order to maximise the efficiency in the available time without compromising the data
acquisition quality, the step size chosen for orientation mapping ranged from 0.25 to
2 µm depending on the microstructure. Hough resolution of 60 and a 2x2 binning
were used during acquisition. Indexing success rate for most samples was greater
than 92%.
Energy dispersive spectroscopy
Energy dispersive spectroscopy (EDS) element mapping was performed in JEOL JSM-
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7800F FEG SEM, using Oxford X-Max 20 Silicon Drift detector. An accelerating
voltage of 15 kV at working distance of 8 mm was used for all SEM-EDS analysis.
3.3.1.2 Transmission Electron Microscopy
Thin foils for transmission electron microscopy (TEM) analysis were prepared by
grinding selected specimens to a thickness between 50 and 70 µm using 1200 grit
silicon carbide paper. 3 mm diameter discs were punched out from the foil and
the punched discs were then ion polished until a small hole appeared in the centre
of the disc. Ion polishing was carried out using GATAN precision ion polishing
system (PIPS) with an accelerating voltage of 5 keV. To reduce the ferro-magnetic
interaction with transmitting electron beam, care was taken to reduce the volume of
the sample by preparing it as thinly as possible.
Microstructural feature analysis was carried out using bright field mode in Philips
CM-20 TEM operated at 160 kV. The size distribution and composition examination
of precipitates were carried out using JOEL JEM-2100F TEM, operated at 200 kV
with a beam spot size of 1 nm. Due to the ferro-magnetic nature of the samples
and their interaction with transmitting electrons, alignment of electron beam was
difficult and electron column needed to be realigned each time the sample position
was changed. Imaging was carried out in scanning transmission (STEM) mode using
bright field or high angle annular dark field (HAADF) detector. Energy dispersive
spectroscopy (EDS) analysis was performed in STEM mode with a beam spot size
of 0.5 nm. To prevent sample drift influencing the analysis, the position of sample
was monitored by tracking the probe in a time interval of 10 seconds during EDS
scanning.
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3.3.2 Atom Probe Tomography
In atom probe tomography (APT), the specimen is the ’lens’ and the imaging ions
originate at the specimen surface. The aim is to prepare atomically sharp needles
with a tip radius of approximately 50 nm or less. This was achieved by making a
square cross-section blanks by grinding non-uniform thickness sample to a uniform
thickness of 0.4 mm. Using the Struers Accutom precision cutting saw, thin slices of
0.4 mm width were then cut from the ground specimen. The length of specimens
varied from 10 mm to 25 mm depending on availability. Atomically sharp needle
shaped specimens were prepared from the blanks by two-stage electropolishing.
Rough-polishing: The set-up for the first stage rough-polishing, consists of an DC
power supply, thin gold wire loop and 10% perchloric acid in
glacial acid electrolyte. Sample blanks were fixed to a copper tube
connected to anode of the power supply. A gold wire loop connecting
to the cathode was placed in a 10 ml beaker containing electrolyte
(Fig.3.5). The sample was dipped in and out at a constant speed,
while monitoring and varying the voltage, approximately 15-25V
depending on the thickness of the observed tip. Once the specimen
had reached a sufficiently low taper angle, it was then proceeded
to the micro-polishing stage.
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Figure 3.5: Schematic of rough polishing stage atom probe sample preparation setup.
Micro-polishing: The final micro polishing was performed using an electrolyte of 2%
percloric in 2-butoxyethanol, under optical microscope at 20x/50x
magnification. As shown in Fig.3.6, a drop of electrolyte was placed
in the horizontal gold loop, connected to cathode, and the sample
connected to anode is moved in and out of the electrolyte whilst
observing under the microscope.
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Figure 3.6: Schematic of micro polishing stage atom probe sample preparation setup.
Since specimen micro-fracture is common during probing, a batch of six samples
were prepared each time. The polished tips were immediately transferred into the
atom probe instrument’s ’Load-Lock’ vacuum chamber.
Atom probe experiments were conducted using the Local Electrode Atom Probe
(LEAP - 4000x HR). The electro-polished tips to be probed were left overnight in the
load-lock vacuum chamber, which is at a pressure less than 10 -3 Pa. A tip was then
transferred to ‘Analysis Chamber’ where it is cryogenically cooled down to 60 K and
visually aligned pointing the local-electrode (LE). Prior to each probing experiment,
a standard operating procedure of flat-testing the LEs was carried out to asses the
quality of LE in terms of its turn-on voltage.
Once the set cryogenic temperature is reached, analyses were carried out with a
pulse fraction of 20% and 200 kHz pulse rate inside the ultra-high vacuum analysis
chamber, which is at 10-8 Pa. The detection rate was set at 0.5% and the maximum
cut off voltage set to 11000 V. Prior to the relevant data collection, fine alignment
was carried out by adjusting specimen’s apex with respect to the LE’s field of view.
Probing experiment is set to stop in the event of specimen fracture or when the
maximum voltage is reached.
Chapter 3. Experimental Methodology 60
3.3.3 X-ray Diffraction
For X-ray diffraction (XRD) analysis, 15 mm x 15 mm x 0.5 mm samples were cold
mounted in an epoxy resin parallel to the casting or rolling direction. The mounted
samples were prepared for X-ray analysis in a similar manner to that outlined in
electron microscopy sample preparation section.
In order to study the influence of alloying elements on dislocation density of as-cast
and cold-rolled samples, X-Ray analysis was carried out using Panalytical X’pert
PRO with Cu Kα radiation in line focus mode to quantify the broadening of peaks.
Peak profiles of {110}, {200} and {112} planes corresponding to Bragg angles of 45◦,
65◦ and 82.5◦ (2θ) were measured with a step size of 0.013◦ and 500 s interval per
step.
A standard calibration procedure of identifying the instrumental broadening strain
was carried out using Lanthanum hexaboride (LaB6) powder placed on silicon single
crystal wafer.
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3.4 Data Analysis
Most data analysis was carried out using python programming language. Open source
scientific python ecosystem packages [96] [97] were used for numerical and statistical
analysis. Ipython [98] and matplotlib [99] were extensively used for preparing graphs
and visualisation.
3.4.1 Grain Size and Volume fraction
The grain size and the interfacial area (Sv) between recrystallised and unrecrystallised
grains were measured by linear intercept method. Since 3D volume fraction and 2D
area fraction are equivalent [100], the areal fraction is calculated from a combination of
AsB and optical micrographs by point count method, using standard image processing
software. Since the image analysis measurements such as grain size, volume fraction
and Sv, depend upon the magnification and resolution of the micrograph [101], a
standard error is assumed for all grain size and volume fraction measurements.
3.4.2 Particle size distribution
In order to obtain a statistically significant number of particles, particle size distri-
butions (PSD) were measured from SEM micrographs. Assuming all precipitates
are spherical, the PSD measurements are reported as a histogram representing the
normalized frequency of precipitates as a function of diameter size class i.e., the
precipitates were approximated as circle (2D). The precipitates in some cases were
very small, close to the resolution limit of the instrument. So, the interaction volume
between the sample and the beam were considered while analysing the particle size.
The primary beam electrons from the scanning electron microscope beam interacts
with the sample surface and leads to emission of secondary electrons (SE) and
backscattered primary electrons (BSE), as shown in Fig.3.7.
Chapter 3. Experimental Methodology 62
Back scatter
electronsSE
Beam electrons
Sample surface
SE Detector
Figure 3.7: Schematic secondary electrons and back scattered electron interaction
volume in SEM.
Electrons lower than 50 eV are SE1 and escape only from a shallow region of
the surface [102], consequently better spatial resolution than BSE. Therefore, the
micrographs acquired using secondary electron (SE) detector were used for particle
size measurement and particle volume fraction analysis.
The size distribution of particles f(x, µ, σ) are known to follow a log-normal dis-
tribution [103]. The log-normal fit of the measured particle size is given by Eq.3.1
[104].
f(x, µ, σ) = 1
xσ
√
2pi
exp
− [ln(x)− ln(µ)]22σ2
, x > 0 (3.1)
Where, x is diameter of particles, µ is the mean and σ is the standard deviation
of ln(x). Since, the probability that the cross-section would cut the spheres in its
diameter is small. The 2D radii underestimates the true 3D radii of precipitates. In
ideal cases, assuming precipitates are true spheres, the area radius can be related to
spherical radius by equation.3.2 [105]. The 3D average particle size, estimated from
2D measurements, are used for pinning force calculations.
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Dsphere =
4×Dcircle
pi
(3.2)
3.4.3 EBSD
Acquired EBSD data was analysed using HKL-CHANNEL 5 software. Prior to
analysis, standard noise reduction techniques of removing the isolated wrongly
indexed patterns and extrapolating the zero solutions based on neighbouring pixel
orientation are performed to remove the non-indexed points in the raw data.
The ‘cleaned’ EBSD was then processed to display the character of the boundaries
in which sub-grain boundaries designated low angle (4◦ < θ < 15◦) and grain
boundaries designated high angle (misorientation angle – θ > 15◦). Only high angle
grain boundaries (HAGB) i.e. θ > 15◦, were considered for grain size measurements.
3.4.4 X-Ray Diffraction
Typical raw data acquired from X-ray is shown in Fig.3.8b. Background subtraction
was processed using X-Pert High Score Plus software. The Rachinger method was
applied to remove the Kα2 as shown in Fig.3.8b. The aim of X-ray diffraction
experiment is to measure the peak broadening and calculate the stored energy.
There are three main sources of peak broadening: grain size, instrumental effects and
lattice strain. Appreciable levels of peak broadening occurs when the grain size is less
than approximately 0.1 µm [106]. The grain size of the investigated steels are orders
of magnitude higher than 0.1 µm and therefore the peak broadening contribution
due to grain size is negligible. To measure the instrumental broadening, the standard
calibration procedure was performed by scanning the Lanthanum hexaboride (LaB6)
powder placed on a silicon single crystal wafer. Typical full width half maximum
(FWHM) obtained from the peaks of LaB6 standard are presented in Fig.3.8a.
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(a)
(b)
Figure 3.8: (a) FWHM of peaks due to Instrumental broadening measured using
Lanthanum hexaboride mounted on a silicon single crystal wafer. The best fit
quadratic function with R2=0.96 is also indicated. (b) Typical XRD raw data and
Kα2 correction by Rachinger method.
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The lattice strain in the sample is mainly due to dislocations. The actual peak
broadening due to strain (β) is corrected for instrumental broadening using Eq.3.3
β2 = β2sample − β2LaB6 (3.3)
Where, βsample is the FWHM of the acquired Kα1 peak and βLaB6 is FWHM of
LaB6 standard. The change in the lattice strain (∆d
d
) can be calculated from the
broadening of Bragg peaks at a particular Bragg angle (θ) using Eq.3.4.
∆d
d
=
√
β
2tanθ (3.4)
The correlation between stored energy and lattice strain in the sample can be
evaluated using Sibitz equation Eq.3.5 [106].
W = 32E
(∆d/d)2
1 + 2ν2 (3.5)
Where E and ν are the Young’s modulus and Poisson’s ratio respectively. The
direction dependant numerical values of E and ν were obtained from [107]. The
stored energy of each sample is calculated from the FWHM of {110}, {200} and
{211} planes corresponding to Bragg angle (2θ) at 45◦, 65◦ and 82.5◦ respectively.
As shown by Hutchinson [108], the stored energy of a cold rolled sample depends
on the individual crystal orientations within the cold rolled grain. Typical XRD
peaks of an as strip cast and 50% cold rolled sample is shown in Fig.3.9a and the
calculated stored energy on specific orientations is shown in Fig.3.9b. The standard
deviation is assumed as the error in FWHM due to a scan step size of 0.013◦. Since
the stored energy of individual orientations are significantly different, the bulk stored
energy is given by the average of individual orientations.
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(a)
(b)
Figure 3.9: (a) XRD peaks showing the effect of 50% cold rolling on the FWHM
of peaks at 45◦, 65◦ and 82.5◦ Bragg angle (2θ). (b) Stored energy of individual
orientations in a as-cast and 50% cold rolled micro-alloy steel.
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3.4.5 Atom Probe Tomography
Integrated visualization and analysis software (IVAS) [109] was used for reconstructing
and analysing the LEAP acquired raw data. Comprehensive information about IVAS
file system and detailed step-by-step work flow procedures can be found in ref.[110].
The first step in APT data processing is reconstructing the 3D positions of individual
ions by converting the captured detector coordinates to actual specimen coordinates.
Schematic flight path in LEAP-4000x HR, voltage pulsed atom probe fitted with a
reflectron is shown in Fig. 3.10.
The reconstruction parameters in IVAS are defined using instrument, material and
specimen parameters. In the specimen parameter, radius evolution of the needle
tip is reconstructed based on the specimen voltage. Assuming a truncated cone
hemispherical shape needle, the needle of radius R is related to the electric field F
generated at the tip, which is at a voltage V by
R = V
kfF
(3.6)
kf is the field reduction factor. The instrument parameter encompasses this kf
factor, detector efficiency (ξ ' 42%), image compression factor β and the detector
reconstruction center (x, y ). The material parameter includes the atomic volume of
the primary element ie Fe.
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Figure 3.10: Schematic of a reflectron fitted voltage pulsed atom probe. A high
voltage is applied to specimen and a voltage pulse Vp is applied to the local electrode
to induce controlled field evaporation. The evaporated ions are accelerated to the
detector through the electrode and reflectron.
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Atom probe tomography uses field evaporation technique to ionize the atoms along
with time of flight spectroscopy for their chemical identity. When an ion is field
evaporated from the specimen tip, its potential energy is converted to kinetic energy.
From law of conservation of energy, the potential energy of the ion (neV ) is in
balance with the kinetic energy (1/2mv2). Here, m and n are atomic mass and
charge state, V is the voltage difference between the specimen and the detector, v
is the ion velocity, which is determined from the distance over ion flight time (d/t).
The mass-to-charge ratio of the field evaporated ions are determined from its time of
flight using equation 3.7
m
n
= 2eV
( t2
d2
)
(3.7)
In a reflectron equipped LEAP system the time of fight of the ions is longer and
therefore the mass-to-charge resolution is higher than a straight flight path systems.
Ranging (elemental assignment) is carried out by identifying and labeling the relevant
mass-to-charge peaks of ions. The chemical composition of the field evaporated
atoms are identified by the peaks in the mass spectrum and a typical APT mass
spectrum, calculated from the time of flight of ions in as-cast C09 steel (details in
sec. 4.2.1.2) is presented in Fig.4.7.
Figure 3.11: Atom probe mass spectrum of voltage pulsed as-cast C09 (0.09wt%C)
steel. Total number of detected ions = 12× 106.
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A majority of the ions can be identified and labelled from the location of their peaks.
But, some complication arises in peak assignment due to significant peak overlap
between different ions. For example, the mass to change ratio peak at 14 Da can be
due to nitrogen (14N+) and/or silicon (28Si2+) ions. In most cases, prior knowledge
about the sample’s chemical composition in conjunction with peak deconvolution
algorithm can aid in resolving the uncertainty in elemental assignment. The peak
deconvolution algorithm, provided with the IVAS software, takes into account the
natural isotope abundance and identifies the contribution of different ions to each
peak. Quantitative composition of the analysis volume can be obtained using peak
deconvolution, however, this deconvolution could not be applied for the peaks during
further spatial analyses.
3.4.5.1 Cluster Identification
Many statistical methods exists to infer clustering in atom probe data. Numer-
ous cluster-finding algorithms and associated deployment techniques also exists in
analysing the captured atom probe dataset. These include, but are not limited to,
contingency tables, proximity histograms and radial distributions, 3D Markov chains,
Fourier transformation, autocorrelation [111] [112] etc.
Cluster identification algorithm, which isolates and identifies the distribution of
solute atoms, is commonly used when analysing atom probe data. Depending on the
preference of the user, there are many choices of clustering algorithms available to
identify the clusters [113]. It should also be pointed out that there is no objectively
correct cluster finding algorithm that can be applied for all data sets and each
algorithm has its own inherit advantages and disadvantages. For an exhaustive list of
clustering algorithms applied for APT data analysis, readers are refereed to [113][111]
[112]. The most common clustering algorithm applied to analyse the clusters in APT
data is the Maximum separation algorithm.
It is important to point out the definition and distinction between clusters and
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precipitates. In physical metallurgy terms, clusters and precipitates are distinctive
forms of accumulated atoms. Cluster refers to unstable pre-precipitation or embryo
stage at which grouping of specific like-atoms occurs due to solid-state concentration
fluctuations [66]. Once the cluster reaches a critical size by accumulating sufficient
number of atoms, the unstable cluster transform to a stable nuclei for precipitates.
This nuclei undergoes growth and coarsening stages to form an incoherent precipitate.
On the other hand, from a view point of analysing the atom probe data, any
agglomeration of similar atoms including concentration fluctuations and precipitates
are generally classified as clusters. In this thesis, the term ’cluster’ is interchangeably
used to refer the precipitate and the embryo precursors. It must also be noted that
any distance based cluster finding algorithms will explicitly find clusters regardless
of the presence of clusters in actual data [114].
In terms of atom probe cluster analysis, assessing the solute clustering tendency,
wherein the distribution of chosen solute is compared against the ’random’ distribu-
tion, to see how much of the actual data deviates from random fluctuations, provides
some confidence before applying any cluster algorithm to the experimental data. The
’random’ fluctuations are usually determined by two methods:
1. By analytically estimating the probability of finding a specified number of data
points within a certain distance in a completely spatially random (CSR) points.
2. By randomly labelling (RL) the ions within the experimental data.
The Ranging procedure assigns chemical identities to the mass spectrum peaks and
the number of ions belonging to a specific peak is calculated. Random labelling (RL)
algorithm in IVAS software swaps the assigned chemical identities while the atomic
positions and number of ions of certain identity remains the same. The advantage
of RL is that the inherit trajectory aberration information is retained, while the
drawback being the intrinsic contribution from heterogeneity due to clusters, if present,
is also are retained [112]. Moreover, the RL is shown to be a more conservative
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approach than CSR [115], and therefore RL was chosen as the preferred choice of
random comparator in this thesis.
3.4.5.2 Maximum separation method
The maximum separation cluster finding algorithm is an euclidean distance based
algorithm that relies on the assumption that atoms in the clusters are closer in spatial
distance than those in the matrix [116] [117]. The main user input parameters for
this algorithm that determines the output, i.e. clusters, are the choice of kth nearest
neighbour (kNN), the maximum separation distance (dmax) between atoms and the
minimum number of atoms (Nmin) to be present in order to be classified as a cluster.
Depending on the level of clustering in the APT data, Marceau [115, 118] after sys-
tematically studying the choice of kth nearest neighbour distribution and comparing
them with RL distribution advocates the choice of 5th nearest neighbour (5NN).
Since 5NN readily shows the deviation of clustered data from random distribution
than 1NN [115] and the cluster analysis results are comparable to the ones identified
using iso-density surface method [118], 5NN was chosen for all clustering analysis in
this thesis.
Generally, a heuristic approach is followed in selecting dmax and Nmin parameters.
The choice of dmax vary between 0.5 [119] to 1.5 nm [120], and Nmin from 2 [115]
to 25 [121] atoms. It should also be noted these parameters are highly sensitive to
solute concentrations [122].
In this thesis, a heuristic based approach to select the dmax was attempted. During this
process, it was found that the kNN distance smaller than 99th percentile (mean− 3σ)
of the RL distribution (Fig.3.12a) filters the randomly distributed solute atoms and
isolates the clusters effectively in the captured datasets.
Similarly, Nmin is identified using the actual 5NN cluster size distribution data
and the randomly labelling 5NN cluster size distribution. Typical example of 5NN
random labelling and actual 5NN cluster size distribution of Mn, S atoms is shown in
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Fig.3.12b. Nmin is chosen at the cross over point, marked in vertical line in Fig.3.12b,
below which clustering are expected to be due to random fluctuation [110].
(a)
(b)
Figure 3.12: Normalized 5NN frequency distributions showing dmax and cluster count
distribution along with the chosen Nmin used in ’Maximum separation’ clustering
calculations.
3.4.5.3 Cluster Analysis
Once the clusters in the captured APT data are isolated and identified, the number
density (nv) of the clusters is estimated using equation 3.8 [111]
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nv =
Np
NvolΩ
(3.8)
Where Np and Nvol are the total number of particles detected and total number of
atoms in the detected volume,  is the average atomic density of the appropriate
crystal, which is ∼85 atoms/nm3 for BCC Fe and Ω is the detector efficiency, which
is 0.42 for the instrument used.
The cluster volume fraction can be estimated from the ratio of total number of atoms
in the clusters to the number of atoms in the captured dataset. However, there
are certain limitations in estimating the cluster dimension due to reconstruction
approximations, uneven field evaporation, trajectory overlaps, local magnification
effect, etc. Methods proposed to estimate the dimension of a cluster include volume
equivalent of sphere [123], radius of gyration [111], Guinier radius [111] and best-fit
ellipsoid method implemented in IVAS software [124].
In this study, the volume equivalent of sphere method [123] is used to estimate the
cluster dimension. Each cluster is assumed as a sphere and its diameter is estimated
from the number of atoms (Natoms) in each cluster.
Dcluster = 3
√
6Natoms
Ωpi (3.9)
When the cluster and the matrix have a similar lattice spacing, the above equation
is more accurate than other cluster/precipitate size estimation methods [123].
Chapter 4
Strip Cast Microstructure
4.1 Introduction
Microstructure of strip cast steels are well known to be highly heterogeneous, and
therefore requires a multi scale approach to study the behaviour of solutes and its
effect on microstructure development. In this chapter, changes in the microstructural
features due to carbon addition in Fe-C binary and Fe-C-V ternary system are
characterised at various length scales using optical microscopy (OM), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), electron back
scatter diffraction (EBSD) and atom probe tomography (APT). This systematic
study at all length scales will provide fundamental insights in understanding the
microstructural changes due to addition of carbon and vanadium on strip cast steels.
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The experimental results presented in this chapter are divided into two sections
Section 1 : Microstructure characterization. The morphological changes and mi-
crostructural features of as-cast alloys are addressed by using OM, SEM,
TEM and APT characterization technique.
Section 2 : Grain size quantification. The grain size of the studied alloys are
quantified using electron back scatter (EBSD) technique
Based on the chemistry of alloys, each section is divided into two groups:
• Fe-C binary Steels, which has systematic increase in carbon
• Fe-C-V ternary Steels, which has a 0.04 wt% V micro-alloyed sample and a
group of samples with systematic increase in carbon along with ∼1wt%V.
Fe-C binary Fe-C-V ternary
wt%C Micro-Alloy(0.04wt%V)
Macro-Alloy
(1wt%V)
0.02 wt% C02 C02V1
0.09 wt% C09 C09V04
0.14 wt% C14 C14V1
0.20 wt% C20 C20V1
0.33 wt% C33 C33V1
0.42 wt% C42 C42V1
0.46 wt% C46 C46V1
Table 4.1: Alpha-numeric naming convention for alloy nomenclature.
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4.2 Microstructure characterization
4.2.1 Fe-C binary steels
4.2.1.1 Ultra-Low Carbon steel
As a first step towards understanding the as-cast microstructure of the alloys, low
magnification microscopy characterisation was first conducted. Optical and Angle
selective Backscattered (AsB)-SEM micrographs, presented in Fig.4.1, provides a
general overview of as-cast microstructure present in C02 (0.02 wt%C, 0 wt%V) steel,
which has ultra-low carbon levels. Apart from 0.11 wt% Mn and trace elements, this
steel contains less than 0.02 wt% of alloying elements, so it is essentially a solute
free iron.
(a) (b)
Figure 4.1: As-cast microstructure of C02 (0.02%C, 0%V) steel (a) Optical micrograph
(b) AsB micrograph.
From the optical micrograph shown in Fig.4.1a, large ferrite grains with irregular
grain boundaries can be seen throughout the sample. The etching of the grain
boundaries was noticeably uneven and occasionally, some regions showed dark etched
sheaves under the optical microscope. Contrary to the usual mixed microstructure
observed in strip cast steels, ultra-low carbon C02 steel displayed only one type of
ferrite morphology.
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AsB micrograph, presented in Fig.4.1b, also shows that the microstructure consisted
of irregular shaped ferrite and substructures. This microstructure differs from
polygonal ferrite, which has straight boundaries and free of dislocation substructure.
This type of ferrite is termed as quasi polygonal ferrite or massive ferrite, partly
due to its size and to differentiate from polygonal ferrite. The grain size is further
discussed in section 4.3. Prior austenite grain boundaries could not be distinguished
from AsB or optical micrographs.
Higher magnification AsB micrographs (Fig.4.2a) revealed the presence of fine
particles that appeared to be distributed along the solidification direction. Most
of particles were spherical and particle size quantification measurements, shown in
Fig.4.2b, indicate that the diameter of particles extend from 0.2 µm to 1.6 µm, in line
with the findings of Stanford [51] in as-strip cast stainless steels. The size distribution
followed a log-normal distribution and the mean particle size and number density
were found to be 0.55 µm and 1.50×1010 m-2 respectively.
(a) (b)
Figure 4.2: (a) AsB micrograph illustrating typical precipitate in as-cast C02 (0.02%C,
0%V) steel and their size distribution in (b).
Electron dispersive spectroscopy (EDS) compositional analysis in a scanning electron
microscope showed that the particles were oxides, predominantly rich in O and Mn
(Fig.4.3). Moreover, the inclusions were found to be accompanied by a small amounts
of S and P. Development of these very fine scale nano-size sulphide particles are
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mainly ascribed to the rapid solidification nature associated with strip casting [51].
Figure 4.3: SEM Electron dispersive spectroscopy (EDS) examination of precipitates
in as-cast C02 (0.02%C, 0%V) steel. O, Mn, S, P were identified using Kα peaks
and Fe using L series peaks at 15 kV accelerating voltage.
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4.2.1.2 Low Carbon steel
In low carbon C09 (0.09 wt% C) steel, by increasing the carbon concentration, the
quasi polygonal ferrite transformed to a microstructure predominantly comprising
a mixture of grain boundary ferrite such as allotriomorphic ferrite (αa), side-plate
Widmansta¨tten ferrite (αw) and quasi-polygonal ferrite with jagged grain boundaries
(Fig.4.4).Aligned islands of dark phase regions were also sparsely present to some
extent.
It is important to point out that Widmansta¨tten and banitic ferrite structures are
characterised by lath shape ferrite with relatively high dislocation density higher
than polygonal ferrite. However, Widmansta¨tten ferrite is known to have larger
lath sub-units and lower dislocation density than banitic ferrite [5]. Moreover, the
nucleation sites for these two structures are also different. Widmansta¨tten ferrite
mainly grows from existing grain boundary allotriomorphs, whereas, bainitic ferrite
nucleates at the austenite grain boundaries [5]. From figure 4.4, it can be seen
that the lath like structures originate mainly from allotriomorphic ferrite. So it is
concluded that these are more likely to be Widmansta¨tten ferrite.
Figure 4.4: Optical micrograph of as-cast low carbon C09 (0.09%C, 0%V) steel.
Substrate side is shown on top.
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This highly heterogeneous mixed microstructure is a typical characteristic of strip
cast steels and closely resembles those in welding heat affected zones and twin roll
cast (TRC) steels [15]. Due to the heterogeneity, it was difficult to unambiguously
distinguish different ferrite morphologies and identify prior austenite grain boundaries.
However, fast cooling during austenite to ferrite phase transformation are known to
favour the formation of Widmansta¨tten type ferrite morphology [15][125].
AsB micrographs of C09 steel, presented in Fig.4.5, show that the microstructure
consists of two distinct regions: blocky regions with relatively minimal contrast
variation and regions with dense orientation contrast change. When compared with
the optical micrograph, it is easy to see that the blocky regions with less severe
orientation contrast variation are allotriomorphic ferrite that nucleates at austenite
grain boundaries. Upon closer examination of dense orientation contrast regions, the
ferrite appeared to be interwoven laths of Widmansta¨tten ferrite (Fig.4.5b). Any
information regarding precipitates could not be captured using SEM micrographs.
Therefore, TEM and APT analysis were carried out to analyze the precipitates and
solute distribution.
(a) (b)
Figure 4.5: As-cast microstructure of C09 (0.09%C, 0%V) showing (a) Widmansta¨tten
ferrite and Quasi polygonal ferrite with sub-structure (b) Interwoven laths of Wid-
mansta¨tten ferrite.
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4.2.1.2.1 TEM characterization
Figure 4.6 represents microstructural features present in C09 (0.09wt%C) steel, when
observed through the transmission electron microscope (TEM). The Widmansta¨tten
ferrite laths were mostly featureless and the distance between the laths was in the
order of 1 µm. Dislocation density within these laths appeared to be relatively low.
The thin boundary separating each adjacent lath are known to be low angle grain
boundaries (LAGB) [126]. Comparing to the SEM micrographs , it can be clearly
seen that the orientation contrast arises mainly due to these LAGBs. Microstructures
similar to the one presented here have been reported as bainite or bainitic ferrite
in continuous cooling low carbon steels. However, the coarseness of the plates,
low dislocation density and lack of carbides indicates this is not the case for those
particular composition. Fig.4.6b shows the presence of fine precipitates in the grain
interior (circled in red) as well as coarse cementite precipitates (circled in green)
along grain boundaries. These cementite appeared as dark micro phase in the optical
micrographs.
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(a) Widmansta¨tten ferrite laths
(b) Carbides and precipitates in quasi-polygonal ferrite
Figure 4.6: TEM micrographs showing different ferrite morphologies and precipitates
in as-cast C09 (0.09%C, 0wt%V).
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4.2.1.2.2 APT of C09 steel
Atom probe mass spectrum, calculated based on time of flight of ions in as-cast C09
steel is presented in Fig.4.7. The ions are identified and labelled from the location of
their peaks, as outlined in section 3.4.5.
Figure 4.7: Atom probe mass spectrum of voltage pulsed as-cast C09
(0.09wt%C,0wt%V) steel. Total number of detected ions = 12× 106.
The peak decomposition algorithm, provided with IVAS software [109], takes into
account the natural isotope abundance and identifies the contribution of different ions
to each peak. The decomposition analysis result of present sample is shown in Table
4.2. The composition of substitutional elements such as Cr, Mn, V are comparable
to the bulk composition. As can be seen, the decomposition analysis results do
not quite match the bulk Si and N values measured using spark optical emission
spectrometer. Importantly, due to lower solubility of carbon in Widmansta¨tten
ferrite [5], the average carbon in the APT analysis volume is lower than the nominal
bulk composition of 0.09 wt%.
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Fe C Mn S Cr Si
wt% 98.86 0.0084 0.1879 0.02 0.601 0.19
at% 98.69 0.0383 0.1876 0.04 0.634 0.37
P V Cu N
wt% 0.0148 0.008 0.070 0.001
at% 0.0261 0.008 0.061 0.003
Table 4.2: Composition of C09 steel obtained from APT data after background
correction and peak deconvolution.
3D reconstructed APT data displaying the position of different solute atoms in C09
is shown in Fig.4.8. Analysis based on nearest neighbour (NN) approach was carried
out to find the distribution of solutes. On comparing the 5th nearest neighbour (5NN)
distribution histogram of solute atoms to its corresponding random distribution, it
can be seen that Mn and S deviate from random. The slight deviation of C could
either be due to preferential field evaporation and/or retention of carbon atoms
during probing [127] or be due to actual clustering phenomenon. On the other
hand, visual inspection of the analysed volume and the 5NN distribution show that
remainder of the solutes were homogeneously distributed within the sample. Solute
distribution maps and 5NN histograms for remainder of solutes are provided in
Appendix A.
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(a) Carbon
(b)
(c) Mn
(d)
(e) S
(f)
Figure 4.8: APT distribution map of (a) Carbon (black), (c) Mn (yellow), (e) S (red)
atoms in as-cast C09. Dimension of the cube enclosing the dataset is 107 × 100 ×
45 nm3. Figures in the right compares the actual 5NN distribution of solutes to their
random labelling 5NN distribution.
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The non-random distribution of Mn and S, and the skewness of the normalised
histogram (Figs.4.8d and 4.8f) indicate the presence of precipitates/clusters. It
should be noted that the non-random distribution does not provide a direct evidence
that Mn and S are clustered together and it also likely that Mn rich precipitates and
S rich precipitates may exist separately.
Two type of analysis are performed to study these clusters:
1. One dimensional(1D) concentration profile analysis to check for any co-segregation.
2. Maximum separation clustering analysis to find the number of atoms within
each precipitate and their composition.
1D compositional analysis was performed by creating isoconentration surfaces to
isolate the solute rich regions. Since the distribution of Mn was found to be non-
random, 1% Mn isoconentration that was used to distinguish the Mn rich regions
from matrix as shown in Fig.4.9a. For compositional examination around the vicinity
of these precipitates, 1D concentration profile analysis was carried out on the selected
cylindrical region of interest (Fig.4.9a)and the results are presented in Figure 4.9b.
Form the analysis results, it can be clearly seen that precipitates were mainly rich
in Mn and S. Other alloying elements were found to more or less homogeneous in
the selected region. No co-segregation of P or C seem to occurs in the vicinity of
MnS clusters as it was found in SEM-EDX examination of C02 sample. It should
be stressed that the 1D concentration result provides compositional information
within the selected sub-volume and therefore useful in gaining insights about co-
segregation. However, chemical inhomogeneity, location, size and orientation of the
chosen cylindrical sub-volume can affect the concentration results, consequently may
not represent the actual composition of all clusters in the sample.
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(a) 1 at% manganese isoconcentration surfaces showing manganese rich regions. The
cylinder chosen for 1D concentration profile analysis is of diameter ∼12 nm and length 50
nm.
(b) 1D concentration profile analysis
Figure 4.9: Composition analysis of precipitates in as-cast C09 (0.09wt%) alloy.
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Cluster analysis was performed using the ’Maximum Separation’ algorithm to detect
solute clusters that are not possible to capture using proxigram method. In this
algorithm, the choice of minimum number of atoms in cluster (Nmin) and the
maximum separation distance (dmax) between the atoms are the two most important
input parameters in isolating the clusters from matrix. According to the procedure
outlined in section 3.4.5.1, for Nmin of 6 atoms and Dmax of 1.15 nm, a total of
42 Mn-S clusters were identified (Fig.4.10). As mentioned earlier (sec.3.4.5.1), the
term cluster is used interchangeably to refer the atomic scale clustering and the
precipitates. The number of Mn and S atoms in each cluster varied from 6 atoms to
183 atoms. Clusters are categorized according to the number of atoms present in
them and number of clusters belonging to each group are given in Table 4.3. The
composition and the estimated cluster size are presented in Fig.4.11. On average,
the composition of the clusters were 50% Mn and 50% S atoms.
(a) (b)
Figure 4.10: APT map showing clusters of Mn and S atoms, isolated using Maximum
separation algorithm (Yellow=Mn, Red = S).
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Number of atoms 2-10 10-20 20-30 30-40 40-50 100-250
Count 32 2 1 1 2 4
Number Density 8.77 ∗ 1023 clusters/m3
Volume Fraction 0.00009
Table 4.3: Estimated number density and size distribution of MnS clusters in as-cast
C09 (0.09wt%C) steel.
(a)
(b)
Figure 4.11: Composition of MnS clusters as function of (a) cluster size (number of
atoms) and (b) cluster radius.
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4.2.1.3 Medium Carbon steels
The samples in the following section contains carbon concentration >0.14wt%.
Fig.4.12 shows the internal microscopic structure of C14 steel which contains 0.14
wt% carbon. Prominent microstructural defects were evident in this sample. Difficulty
in casting certain samples, especially when the carbon content is in the peritectic
proximity (∼0.1–0.2 wt% C), is well known in conventional slab casting process
[128]. The large volume change associated with the peritectic reaction causes uneven
surface solidification. As a results, solidification shells are much thinner and leads to
contact loss between the substrate and the solidifying sample [129]. Typical example
of a strip cast sample that encountered peritectic casting defect and substrate contact
loss is shown in Fig.4.12. In an attempt to obtain a reasonable as-cast sample,
the casting velocity was reduced from 1 m/s to 0.66 m/s. Yet, satisfactory sample
without any casting defects could not be achieved. The morphology of ferrite in
between those casting defects were a mixture of Widmansta¨tten ferrite and polygonal
ferrite, similar to that of the low carbon C09 alloy.
Figure 4.12: Internal structure of C14 (0.14wt%C) steel showing porosity and casting
defects due to peritectic reaction during solidification. Substrate side shown on top.
Sample not etched.
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Similar to previous peritectic steel, C22 (0.22%C) steel also displayed solidification
defects to a limited extent. However, the severity of the solidification defects were
less prominent once the peritectic composition was traversed. An optical micrograph
of C22 sample is presented in Fig.4.13a, shows the regions aside from casting defect.
As can be seen, the morphology of ferrite is markedly different from previous alloys.
By increasing the carbon content, the formation of polygonal ferrite ceased and the
transformation microstructure was mainly grain boundary allotriomorphic ferrites
(αa) and side-plate Widmansta¨tten ferrites (αw) that were clearly distinguishable in
the present alloy. Due to lower solubility of carbon in these ferrites, excess carbon
partitioning from these ferrites enriches the remaining austenite [5] rendering the
ferrite to appear light in colour in the micrograph. An allotriomorphic ferrite (αa),
which probably nucleated at austenite grain boundary, is marked in blue arrow, and
Widmansta¨tten ferrite (αw) nucleated on a αa is marked in red arrow in Fig.4.13a.
The optical micrographs presented in figures 4.13b and 4.13c illustrate the overall
microstructure of as-cast hypo-eutectoid C30 (0.30wt%C) and C46 (0.42wt%C) steels
respectively. Even when the bulk carbon concentration is greater than 0.3wt%, the
microstructural constituents were the same as the C22 sample. Thin layers of grain
boundary ferrite, often accompanied by Widmansta¨tten ferrite plates can be seen in
white in the micrographs.
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(a) C22 (0.22%C)
(b) C30 (0.30%C)
(c) C46 (0.46%C)
Figure 4.13: Optical micrographs showing elongated allotriomorph and Wid-
mansta¨tten ferrite lathis in selected as-cast carbon steels. Carbon concentration in
samples shown above are >0.20wt%.
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The distribution of allotriomorphic ferrite grains were highly inhomogeneous and
appeared to be elongated, with lengths extending through the sample thickness
(see Fig.4.13a). Due to the fact that these allotrimorphic ferrites (αa) nucleate on
austenite grain boundaries, the size and shape of the prior austenite grain can be
traced back from these features. An approximate prior austenite grain size can be
determined from the spacing between αa grains. For instance, from the micrographs,
it can be seen that the average distance between αa varies between 50-250 µm while
its length extends to a distance greater than 250 µm and in some cases through the
sample thickness, consistent with the austenite size reported in literature [130] [6].
A low magnification AsB micrograph of C22 (0.22 wt%C) alloy that represents the
overall microstructure, as well as a higher magnification micrograph to reveal the
fine details are presented in Fig.4.14. Although the microstructure is highly inho-
mogeneous, higher magnification micrographs reveal that two ferrite morphologies,
namely Widmansta¨tten ferrite and pearlite, represent a major proportion of the
microstructure. A closer examination in-between the Widmansta¨tten ferrite plates
also shows the presence of pearlite (Fig.4.14b). It is interesting to note that the
carbides in the pearlitic regions were degenerated and discontinuous (Fig.4.14c) which
is different to the classic lamellar pearlite. These micrographs clearly demonstrate
that the present steel consisted of three types of ferrite: allotriomorphic ferrite (αa),
Widmansta¨tten ferrite (αw) and pearlite (P). Randomly dispersed precipitates of
different size ranges were observed throughout the sample.
AsB micrographs of selected regions in C30 (0.30 wt%C) and C46 (0.46 wt%C),
presented in figures 4.15 and 4.16, concurs with the optical microscopy observations
that the ferrite constituents were similar to previously mentioned C22 steel. From
the micrographs it is evident that pearlitic microstructure is present even in-between
the plates of Widmansta¨tten ferrite in both the hypo-eutectoid steels. Higher
magnification micrograph of a region apart from the Widmansta¨tten regions are
shown in figures 4.15c and 4.16c. A fully pearlitic microstructure observed in these
areas, indicates that pearlite is the dominant microstructural feature aside from the
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regions of allotriomorphic and Widmansta¨tten ferrite.
The cementite had different morphology depending on its location. In C30 steel, the
cementite were more lamellar in-between Widmansta¨tten ferrite, whereas it appeared
to be discontinuous but oriented parallel to one another in the regions far from
Widmansta¨tten ferrite (Fig.4.15c). On the other hand, cementite in the C46 were
nearly lamellar thought the specimen (Fig.4.16c). Lamellar structure of pearlite
tend to become increasingly well-defined in proportion to the carbon concentration
present in the steel. Coarse precipitates appeared to be randomly distributed inside
the pearlite colonies (Fig.4.14a, 4.15a) and had no uniform size or shape. Very fine
precipitates present along the centre regions of allotiomorphic ferrite (Fig.4.15b,
4.16b) indicate possible precipitation occurring at prior γ grain boundaries or during
austenite to ferrite transformation stage.
(a) Overall microstructure (b) Widmansta¨tten ferrite
(c) Non lamellar degenerated pearlite (d) Pearlites between Widmanstten laths
Figure 4.14: AsB-SEM micrographs of as-cast C22 (0.22%C).
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(a) Overall microstructure
(b) Widmansta¨tten ferrite
(c) Non lamellar pearlite
Figure 4.15: AsB-SEM micrographs of as-cast C30 (0.30%C).
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(a) Overall microstructure
(b) Widmansta¨tten ferrite
(c) Lamellar like pearlite
Figure 4.16: AsB-SEM micrographs of as-cast C46 (0.46%C).
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4.2.1.4 Phase Quantification
In Fe-C binary samples, the as-cast microstructure comprised of quasi-polygonal,
allotriomoph, Widmansta¨tten ferrite and pearlite. However, the proportion of these
ferrite morphologies were considerably different in-between the studied steels. The
change in the volume fraction of pearlite measured at various length scales is presented
as a function of carbon content in Fig.4.17. The volume fraction of ferrite remained
steady until about 0.15wt% C. Further increase in carbon level showed a decrease in
ferrite volume with a corresponding increase in pearlite.
Figure 4.17: Microstructure constituents of selected Fe-C binary steels. Combination
of OM, SEM and TEM were used in measuring the volume fraction of phases.
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4.2.2 Fe-C-V ternary steels
4.2.2.1 Micro-Alloy (0.04wt%V)
As detailed in section 4.1, compositions with two different levels of vanadium are
studied the Fe-C-V ternary alloys. Microstructural characterization results of micro-
alloy composition containing 0.09 wt% carbon and 0.04wt% vanadium in C09V04
steel are presented here.
In Fig.4.18, an optical micrograph of micro-alloyed C09V04 steel shows a mi-
crostructure predominantly comprising a mixture of allotriomorphic ferrite (αa),
Widmansta¨tten ferrite (αw) and quasi-polygonal ferrite with jagged grain bound-
aries. AsB micrographs of the same steel presented in Fig.4.19 concurs with the
optical microscopy results. A low magnification AsB micrograph (Fig.4.19a) shows
quasi-polygonal ferrite, and Widmansta¨tten ferrite regions with considerable internal
structures. Upon closer examination of Widmansta¨tten ferrite (Fig.4.19b), the width
of the laths were measured to be about ∼1 µm. When comparing the present
steels microstructure to previously described low-carbon C09 sample, both were very
similar. It is interesting that addition of 0.04wt% V appeared to have no appreciable
effect on the microstructural development. In order to gain insights into the solute
behaviour of V, detailed TEM and APT examination were carried out.
Figure 4.18: Optical micrograph showing the overall microstructure of as-cast C09V04
(0.09%C, 0.04%V) steel (substrate side on top).
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(a) Interwoven laths of Widmansta¨tten ferrite and quasi polugonal
ferrite
(b) Laths of Widmansta¨tten ferrite shown at a higher magnification
Figure 4.19: AsB-SEM micrographs of as-cast C09V04 (0.09%C, 0.04%V) steel.
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4.2.2.1.1 TEM examination of C09V04
Micrographs in Fig.4.20 represents the typical features of the microstructure in
C09V04 steel when observed though TEM. Lath like Widmansta¨tten ferrite, shown
in Fig.4.20a, features a remarkable similarity to the ones observed in C09 sample. In
both the cases, dislocation density within the largely featureless laths were found
to be relatively low. Moreover, the distance between adjacent laths were also in
the order of 1µm. In some regions, degenerated pearlites were also sparsely present
(Fig.4.20b). Apart from these carbides, any other form of nanometre scale vanadium
precipitates could not be found.
Given the amount of carbon, nitrogen and vanadium in this alloy, as well as a
strong similarity between the current micro-alloyed steel and C09 sample, addition
of vanadium does not seem to have to its usual effects such as precipitation and/or
grain refinement that occurs in conventional casting process. Consequently, APT
investigations were carried out to study the behaviour of vanadium.
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(a) Laths of Widmansta¨tten ferrite with low dislocation density
(b) Non lamellar pearlite
Figure 4.20: TEM micrographs of as-cast C09V04 (0.09wt%C, 0.04wt%V).
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4.2.2.1.2 APT examination of C09V04
Figure 4.21 shows the mass spectrum of C09V04 sample that contains 0.04wt%
Vanadium. Vanadium, which is of main interest generally field evaporates at its
2nd charge state (V2+) and has a mass to charge ratio of 25.0 and 25.47 Da. The
natural abundance of the former mass/charge being only 0.25%, while the latter
is the most abundant (99.75%). As a result V almost always peaks at 25.5 Da.
However, in presence of carbon and nitrogen, strong carbide forming elements tend
to field evaporate as complex carbides and nitrides. VN2+, if present, would have a
natural abundance of 0.249%, 99.38% and 0.3650% and peaks at 32.0, 32.5 and 33
Da respectively. The natural abundance of VC2+ is 0.247%, 98.648% and 1.105% at
31.0, 31.5, and 32.0 Da respectively.
Figure 4.21: Atom probe mass spectrum of voltage pulsed as-cast C09V04 (0.09wt%C,
0.04wt%V) steel. Total number of detected ions = 13× 106.
As mentioned earlier, due to peak overlaps certain uncertainty exists in assigning
elements to few peaks in the mass spectra. Significant elemental overlap occurs in
the region of interest i.e., between 30 and 35 Da. Considering the most abundant
isotopes of VC2+ peak at 31.5 Da, it overlaps with Cu2+. Similarly, the peak of VN2+
at 32.5, 33.0 overlaps with S2+.
To overcome this uncertainty in peak assignment, the multiple-hit mass spectrum was
analysed to obtain additional information. When more than one ion field evaporates
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in a single voltage pulse, ions arriving at the detector will be close to each other
in space and time. These closely arriving ions are recorded as multiple events
or multiple-hit events. From the multiple-hit spectrum it was identified that the
predominant peak at the region of interest is only at 32 Da, which corresponds to
the most abundant isotope for S+. Judging from the relative peak heights at 31.5
and 32.5 Da in single hit spectrum, and using peak decomposition analysis, it was
found that 99.50% of 32.5 peak is due to Cu2+. Therefore, it was concluded that the
ions that peak at 32.5 and 31.5 Da are due to Cu2+. By using the mentioned peak
assignment process, the bulk composition was found to be comparable to the APT
composition given in Table 4.4.
Fe C Mn S Cr
wt% 99.168 0.0162 0.1722 0.0485 0.3113
at% 98.87 0.0754 0.1746 0.084 0.3329
Si P V Cu
wt% 0.1655 0.0108 0.038 0.06
at% 0.3281 0.0194 0.041 0.060
Table 4.4: Composition of as-cast C09V04 steel obtained from APT data after
background correction and peak deconvolution.
The compositional analysis shows that the carbon concentration in the matrix is
significantly lower than the nominal bulk concentration. The present sample has a
slightly higher carbon than previously discussed C09, however both values are below
the para-equilibrium solubility limit [131].
Figure 4.22 shows the 3D reconstructed APT data displaying the position of selected
solute atoms along with their respective normalised 5th nearest neighbour (5NN)
distribution histograms. Similar to previous C09 sample, present samples 5NN results
shows that distribution of Mn and S clearly deviates from random distribution.
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Visually inspecting the three dimensional volume it can be seen that Mn and S
coexists together. On the other hand, remainder of the alloying elements including V
were randomly distributed within the Fe matrix. APT distribution maps of solutes
that are not shown here are provided in the Appendix A.
For detailed compositional examination, a 1D concentration profile analysis was
carried out on the selected region of interest. Fig.4.23a represents the Mn atoms,
along with 1% Mn iso-concentration and the chosen cylindrical sub-volume. The
1D concentration profile analysis results for Mn, S, Cr, C, P and V are presented
in Fig.4.23b. It can be clearly seen that the precipitates were mainly rich in Mn
and S, which is similar to previously discussed low-carbon C09 alloy. Moreover, no
co-segregation of other solutes such as P or C seem to occurs in the vicinity of these
precipitates.
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(a) Carbon
(b)
(c) Manganese
(d)
(e) Sulfur
(f)
(g) Vanadium
(h)
Figure 4.22: Projection of selected atoms in as-cast C09V04. Dimension of the cube
enclosing the dataset is ∼ 127×127×38 nm3. Figures in the right compares the
actual 5NN distribution of solutes to their random labelling 5NN distribution.
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(a) 1 at% manganese isoconcentration surfaces showing manganese rich regions. The
cylinder chosen for 1D concentration profile analysis is of diameter ∼9 nm and length 110
nm.
(b) One dimensional (1D) concentration profile analysis result inside the chosen cylinder
shown in (a).
Figure 4.23: Compositional analysis of precipitates/clusters in as-cast C0904 alloy.
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The 5NN distribution showed that the C and V atoms are nearly randomly distributed
and no visual signs of clustering phenomenon could be observed. However, similar to
C09 sample, clustering of Mn and S atoms can be seen in figures 4.22d and 4.22f. For
the choice of 6 atoms as Nmin and 1.15nm as dmax, maximum separation clustering
algorithm identified 52 Mn-S clusters as shown in figures 4.24a and 4.24b. As can
be seen, apart from the visible clusters identified using iso-concentration surface, a
number of few atom clusters were also identified. Taking these fine atom clusters into
account, the calculated number density and number of clusters in different size range
are given in table 4.5. The compositional details of different size range are given in
Fig.4.25. Similar to previously shown C09 steel, each cluster in the present sample
also contained nearly 50% S and 50% Mn atoms irrespective of its size. Moreover,
the calculated number density of clusters in present sample is also very similar to
that of C09 sample.
To summarize, microstructural examination of C09V04 (0.09wt%C, 0.04wt%V)
using optical microscopy and SEM revealed that the ferrite comprises of quasi-
polygonal and Widmansta¨tten type structures, both of which forms at relatively high
temperatures during γ → α transformation [29]. TEM examination confirmed that
the microstructure is in fact Widmansta¨tten ferrite, in addition, some degenerated
pearlite were also observed. However, vanadium rich precipitates could not be found
using TEM. APT examination revealed the presence of fine MnS clusters, however
no clustering or precipitation of vanadium occurs in as-cast C9V04. Due to rapid
cooling during casting, all vanadium was found to be present in solid solution.
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(a) (b)
Figure 4.24: APT data showing clusters of Mn and S atoms, isolated using Maximum
separation algorithm (Yellow=Mn, Red = S).
Number of atoms 2-10 20-30 40-50 100-250 250-500 500-1000 1000-2000
Count 10 1 1 3 2 1 1
Number Density 3.96× 1023 clusters/m3
Volume Fraction 0.0003
Table 4.5: Estimated number density and size distribution of MnS clusters in as-cast
C09V04 (0.09wt%C, 0.04wt%V) steel.
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(a)
(b)
Figure 4.25: Composition of MnS clusters as function of (a) cluster size (number of
atoms) and (b) cluster radius.
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4.2.2.2 Macro-Alloy (1wt%V)
As a remainder, the microstructure characterization results of Fe-C-V ternary alloys
presented in the following section have ∼ 1wt% V along with carbon levels between
0.02 and 0.46wt%. It should be noted that the vanadium concentration in this series
of alloys are nearly 25 times the wt% of previously discussed micro-alloyed steel.
4.2.2.2.1 Ultra-Low Carbon
The optical micrograph of C02V1 ((0.02wt%C, 1wt%V) alloy, presented in Fig.4.26a,
shows that the ferrite grains were quite large, in the order of few hundred microns,
with irregular grain boundaries. However, ASB micrographs of the same alloy display
a mixture of large and fine ferrite grains. According to ISIJ nomenclature, this
type of ferrite is termed as quasi polygonal ferrite, but commonly called as massive
ferrite. Interestingly, present steels’ ferrite is quite similar to that of C02 (0.02wt%C,
0wt%V) steel and it appears that addition of 1wt% V did not have an observable
influence on the microstructural development during strip casting. The composition
of present alloy is nearly close to Fe-V binary composition.
(a) Optical micrograph of C02V1 (b) AsB-SEM micrograph of C02V1
Figure 4.26: As-cast microstructure of ultra-low carbon containing C02V1 (0.02%C,
1%V) steel.
Chapter 4. Strip Cast Microstructure 112
Higher magnification AsB micrographs (Fig.4.27a) revealed the presence of spherical
particles that appeared be oriented along the solidification direction. Fig.4.27b
summarises the particle size quantification measurements, including a log-normal fit
to the data. The diameter of particles extend from 0.2 µm to 1.6 µm, with a mean
particle size about 0.55 µm.
Although, the microstructure as well as the size of precipitates were similar to
C02 sample, upon SEM-EDS examination, the precipitates were found to contain a
significant level of V along with O, Mn and S (Fig.4.28). Due to low P levels in this
composition, its co-segregation, if any, could not be detected.
(a) (b)
Figure 4.27: (a) Higher magnification AsB micrograph showing the morphology
of precipitates in as-cast C02V1 (0.02%C, 1%V) (b) Particle size distribution of
precipitates showing a log-normal distribution.
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Figure 4.28: Electron dispersive spectroscopy(EDS) examination of precipitates in
C02V1 (0.02%C,1%V) sample. O, Mn, S, P, V, Si were identified using Kα peaks
and Fe using L series peaks for 15 kV accelerating voltage.
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4.2.2.2.2 Medium Carbon steels
Optical micrographs of C14V1 (0.14%C,∼1%V), present in Fig.4.29a, shows that
its as-cast microstructure is different from any of previously discussed alloys. This
structure exhibit uneven size packets of grains and most of the packets contain
parallel laths/sheafs. According to ISIJ nomenclature [37, 38], this type of structure
has been classified as granular bainite. The optical micrographs of C22V1, C36V1,
C42V1 and C46V1, presented in Fig.4.29, closely resembled the C14V1 steel.
Depending on the level of carbon present in the steel, dark etched and light etched
regions could be observed optically. With increasing carbon levels, this difference
between the dark and light regions became more prominent. Apart from that, all
these steels had similar morphology, and therefore further microscopy investigations
that were carried out to detect finer features were limited only to C42V1 (0.42wt%C,
1wt%V) (Figs.4.29e , 4.29f).
Different to Fe-C binary alloys that contained no vanadium, the microstructure of
this macro-alloy group were quite homogeneous. From the optical micrographs, any
inherited information regarding prior austenite grain was not obvious.
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(a) C14V1 (0.14%C,1%V) (b) C22V1 (0.22%C,1%V)
(c) C30V1 (0.30%C,1%V) (d) C46V1 (0.46%C,1%V)
(e) C42V1 (0.42%C,1%V) (f) C42V1 (0.42%C,1%V)
Figure 4.29: Optical micrographs showing the overall as-cast microstructure of Fe-C-
V ternary alloys with carbon content > 0.14wt%. Note the higher magnification in
(f).
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When low magnification secondary electron micrograph of C42V1 alloy (Fig.4.30a)
is compared with its respective optical micrograph in Fig.4.29f, the microstructure
in the lightly etched granular regions were found to consist of randomly dispersed
fine carbides. Whereas, the dark etched regions consist of parallel laths/sheaves
like ferrite and carbides dispersed at an angle to the laths. This morphology is
the characteristic feature of bainite. Different to isothermally transformed bainite,
continuous cooling conditions, such as strip casting, the morphology of banite takes
a granular shape and therefore termed as granular bainite [33].
Apart from carbides in baninite, very fine dispersed particles could be seen through
out this sample (encircled in figures 4.30a 4.30b). Similar to C02V1 sample, the
size of the particles in the preset sample extended from few hundred nanometres
upto ∼1µm. Moreover, SEM-EDS examination confirms that these particles were
complex oxides rich in Mn, V and S (Fig.4.31).
TEM analysis of the granular regions (Fig.4.32a) the carbides to be dispersed equally
throughout the granular region. This morphology had an appearance different to
that of degenerate pearlite in Fe-C binary steels. The carbides in present C42V1
alloy were much finer and more uniformly distributed. Size distribution of laths were
measured from TEM images such as the one shown in Fig.4.32b. The lath size was
found to vary between 75 nm to 500 nm, with a mean size of 220 nm.
Judging from the microstructure, no information of prior austenite grain boundary
nucleated ferrite was found and in all cases the microstructure was found to be
bainite. Due to the complex microstructure of bainite, any fine scale vanadium
precipitates, if present, could not be captured. For such a high levels of vanadium
and carbon when present together, precipitation of vanadium as vanadium carbide
may be expected. Further atom probe analysis was required to examine analyse the
distribution and state of vanadium.
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(a)
(b)
(c)
Figure 4.30: SEM micrographs of as-cast C42V1 (0.42wt%C, 1wt%V) (a) Low
magnification representing the overall microstructure (b) granular regions showing
the presence of sparsely dispersed carbides and (c) Lath of bainite with carbides
oriented at an angle to laths.
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Figure 4.31: Electron dispersive spectroscopy(EDS) examination of precipitates in
C42V1 (0.02%C,1%V) sample. O, Mn, S, P, V, Si were identified using Kα peaks
and Fe using L series peaks for 15 kV accelerating voltage.
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(a) Carbides in the granular region
(b) Bainite laths and carbides
Figure 4.32: TEM micrographs of as-cast C42V1 (0.42wt%C, 1wt%V) showing the
distribution of carbides in different regions.
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Atom probe tomography of C42V1
The reconstructed APT volume, displaying the positions of C atoms, presented
in Fig.4.33b, shows that a section of carbide in the bainite was captured during
data acquisition. A 2D projected carbon concentration measurement (Fig.4.33a)
shows that the carbon content in the carbide phase is around 25 at%, which is close
to composition of equilibrium cementite (Fe3C). Interestingly, the distribution of
vanadium atoms appeared homogeneous and no particular features were visually
distinctive in between the carbide phase and matrix phase (Fig.4.33c).
A one dimensional linear concentration profile analysis was performed by selecting
a cylindrical sub-volume in the region where a clear transition from carbide to
matrix occurs. The selected analysis volume is highlighted in Fig.4.34a and the
elemental concentration results are presented in Fig.4.34. The mean concentration
of V was found to be 1.8±0.15 at% thought the sub-volume length. Since it was
not possible to perform background correction in the 1D concentration analysis, the
observed vanadium concentration is higher than the actual bulk concentration. The
compositional result also shows that the carbon concentration in the carbide has
reached an equilibrium stoichiometry composition of Fe3C.
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(a) (b) Carbon
(c) (d) Vanadium
Figure 4.33: Distribution maps of Carbon and Vanadium in the captured as-cast
C42V1 dataset. Figures in the left are 2D compositional projection and those in the
right are positions of captured atoms.
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(a) APT map showing a projection of carbon distribution. Cylindrical sub-volume of
diameter ∼10 nm and length 26 nm is chosen for 1D concentration analysis. Cube enclosing
the dataset is 130×135×55 nm3
(b) 1D concentration profile analysis result of selected solutes inside the chosen sub-cylinder
volume.
Figure 4.34: APT Carbon distribution map and concentration analysis of as-cast
C42V1 (0.42wt%C, 1wt%V).
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It is important to point out that the average carbon content in the matrix was
0.898±0.185 at%, which is higher than the para equilibrium solubility of ferrite
[132]. Whereas the matrix carbon content in C09 and C09V04 steels, whose mi-
crostrucurre were predominantly Widmansta¨tten ferrite, were 0.07at% and 0.1at%
respectively. This is nearly 10 times lower than the present sample, which has a
banitic microstructure. Increased carbon solubility in banitic ferrite [133], are in line
with the previously reported atom probe findings [134] [131].
The solute distribution results of selected elements, qualitatively identified by 5NN
analysis, are presented in Fig.4.35. In agreement with the 1D concentration profile
results, 5NN analysis also shows that the majority of the elements, including V,
atoms were homogeneously distributed thought sample. Due to the presence of
carbide, carbon shows a significant deviation from random (Fig.4.35b). Interestingly,
despite the high V and C content in the sample, no VC ions were detected in the mass
spectrum. But, a small number of VN ions were detected. 5NN analysis performed
on the detected VN ions showed a small deviation from random distribution. This
deviation could possibly be due to clustering or inhomogeneous distribution within
the phases.
To check the distribution of VN ions within the acquired data, a carbide phase
of 20 x 21.5 x 5 nm3 dimension and approximately 24 x 27 x 16 nm3 volume of
matrix phase were first isolated. Since the volume and density of atoms within each
phase are different, the mass-spectra of isolated phases were normalized in order to
obtain relative information regarding the number of ions the between the two phases.
The overall mass spectrum of the isolated carbide and matrix phases are shown in
Fig.4.36. The relative peak heights of VN at 32.5 Da is shown in the inset of figures
in linear scale. Upon comparing the the relative peak heights, it can be seen that
the average concentration of VN ions in the matrix phase (Fig.4.36d) is nearly 3
times more than that of carbide (Fig.4.36a). Due this difference in number of VN
ions between carbide phase and ferrite matrix, it is highly likely that that clustering
of vanadium and nitrogen atoms occurs after γ → α phase transformation and most
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probably after the carbide formation.
(a) V Distribution (b) C Distribution
(c) Cr Distribution (d) P Distribution
(e) Mn Distribution (f) VN Distribution
Figure 4.35: 5NN distribution of selected solutes in as-cast C42V1 (0.42wt%C,
1wt%V)
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(a) (b) Mass spectrum of selected carbide volume
(c) (d) Mass spectrum of selected ferrite volume
Figure 4.36: Mass spectrum comparison between matrix and carbide phases in C42V1
(0.42wt%C,1wt%V) bainitic steel. Distribution of carbon, vanadium and vanadium
nitride ions in (a) carbide region of volume = 20 x 21.5 x 5 nm3), (c) matrix phase of
volume = 24 x 27 x 16 nm3. Red spheres are VN ions, brown spheres are Vanadium
ions and dots represents Carbon. (b and d) Mass spectra of matrix and carbide
phases respectively. Inset in figures shows the difference in VN peak height at 32.5
Da.
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4.3 Grain size quantification
By evaluating grain size, a better quantification of the strip cast microstructure can be
obtained. However, due to the presence of substructure and pearlitic microstructures,
difficulty arose in quantifying grain size from optical and electron micrographs.
Instead, detailed EBSD investigations were carried out with the aim of quantifying
the effect of carbon on the as-cast grain size. For grain size measurement, it was
essential to scan a large area to capture a significant number of grains. In order to
optimize the acquisition time, a step size of 2 µm was chosen for carbon steels and a
step size of 1 µm was chosen for vanadium steels.
4.3.1 Fe-C binary steels
EBSD maps of Fe-C binary alloys, shown in Fig.4.37, provide an overview of grain size
in the as-cast condition. Colours in the maps represent the inverse pole figures (IPF)
scheme in which crystallographic directions parallel to mapping surface are indicated
in different colours. When considering crystal boundaries, different misorientations
can be used as a criteria to define the boundaries. Customarily, the crystal boundaries
with a misorientation greater than 15◦ are considered as high-angle grain boundaries
(HAGB). When emphasising only the HAGB (highlighted in black), it can be seen
that the grains in as-cast state are in fact quite large. This implies the fine features
observed in electron micrographs were mostly low angle boundaries.
Alongside each map, the relative frequencies of boundary misorientation greater than
5◦ are presented as a misorientation distribution. Large fractions of crystal boundaries
were found to be low-angle grain boundaries (LAGB) with miorientation less than 15◦.
With increasing carbon, the proportion of LABGs to HAGBs significantly increases.
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(a) C02 (0.02wt%C)
(b) C09 (0.09wt%C)
(c) C14 (0.14wt%C)
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(d) C30 (0.30wt%C)
(e) C46 (0.46wt%C)
Figure 4.37: EBSD maps presenting overall as-cast grain size of as-cast Fe-C binary
alloys. Colours in maps represent IPF scheme and grain boundary corresponds to
misorientation greater than 15◦.
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EBSD maps emphasise the uneven grain size distribution and irregular ferrite shapes
obtained during strip casting of carbon steels. The average grain size calculated by
mean intercept method is presented in Fig.4.38. It is noteworthy to point out that
the grains were longer in the solidification direction than the normal direction (ND).
The difference between the linear intercept taken along the solidification direction
and ND is almost twice for ultra-low carbon C02 steel. The difference tends to
become lower with increasing carbon. The average grain size, shown as a trend line
in the Fig.4.38, and standard deviation (shaded grey) indicates that the grain size
almost remains constant with increasing carbon concentration.
Figure 4.38: Intercept grain size of as-cast Fe-C binary alloys.
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4.3.2 Fe-C-V ternary steels
4.3.2.1 Micro-Alloy (0.04wt%V)
The EBSD map in Fig.4.39 shows the misorientation of C09V04 (0.09wt%C, 0.04wt%C)
sample, whose as-cast microstructre is a mixture of Widmansta¨tten ferrites and
quasi-polygonal ferrites. The band contrast (BC) image (Fig.4.39b) principally
shows the high angle grain boundaries (HAGB) and low angle grain boundaries
(LAGB) without any specification to misorientation and closely resembles the optical
micrograph of present sample (figure 4.18). Band contrast (BC) and band slope (BS)
are two normalised quality indexes of the gathered Kikuchi patterns, which generally
rely on the underlying microstructure. Upon overlaying grain boundary information
onto band slope (BS) map (Fig.4.39a) and comparing it with AsB micrographs, it
is clear that the low orientation contrast regions observed in AsB micrographs are
mainly quasi-polygonal ferrite and allotriomorph ferrite that contains relatively low
dislocation density. Parallel laths of Widmansta¨tten ferrite regions can be readily
identified from the distribution and alignment of LAGBs. Moreover, due to the
similarity of microstructures between vanadium free low-carbon C09 and present
C09V04 sample, upon overlaying their misorientation angle distributions, they nearly
overlap each other as shown in Fig.4.39d.
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(a) Band Slope (BS), low angle grain boundaries (blue lines are misorientation >5◦) and
high angle grain boundaries (black lines are misorientation >15◦)
(b) Misorientation distribution of C09V04 in comparison with C09
(c) Inverse pole figure (IPF) (d) Band Contrast (BC)
Figure 4.39: EBSD maps of as-cast C09V04 (0.09wt%C, 0.04wt%V) alloy.
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4.3.2.2 Micro-Alloys (1wt%V)
A series of EBSD maps presented in Fig.4.40 shows the typical microstructure and
misorientation distribution of grains in samples C02V1 through C46V1. The samples
shown here have increasing levels of carbon (from 0.02wt% to 0.46wt%) along with
∼1wt% V. Large featureless grains of C02V1, whose microstructure is similar to
that of ultra-low carbon C02 steel, can be seen in Fig.4.40a. Interestingly, a large
proportion of grain boundaries were high angle boundaries with misorientations
greater than 15◦.
When the carbon content is above 0.14wt%, a dramatic increase in LAGB and HAGB
can be seen in the EBSD maps (figures 4.40b though 4.40e). Different to the Fe-C
binary steel group, the finer grains observed in these steels are in fact due to HAGBs.
The grains appeared to be slightly elongated along the solidification direction, but
with increasing carbon the grains became more equiaxed.
Alongside each map, the relative frequencies of boundary misorientations that are
greater than 5◦ are presented as a misorientation distribution. Interestingly, with in-
creasing carbon, a steady decreases in LAGBs accompanied by an increase in HAGBs
can be seen. As pointed out before, addition of carbon to 1wt%V steels transformed
the microstructure from quasi-polygonal ferrite to bainite. Two distinctive peaks at
54◦ and 60◦ were evident in all of these bainitic steels.
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(a) C02V1 (0.02wt%C, 1wt%V)
(b) C14V1 (0.14wt%C, 1wt%V)
(c) C22V1 (0.22wt%C, 1wt%V)
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(d) C30V0 (0.30wt%C, 1wt%V)
(e) C46V0 (0.46wt%C, 1wt%V)
Figure 4.40: EBSD maps presenting overall as-cast grain size in 1wt% V alloy steels.
The colours in the maps are All-Euler scheme and grain boundary misorientation
are greater than 15◦.
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The linear intercept grain size is shown in Fig.4.41 as function of carbon concentration.
When the carbon level is increased from 0.002wt% to 0.14wt%, the mean grain size
drops suddenly from 60 µm to 14 µm. In addition, the data also shows that the
grain size remains nearly steady thereafter. In the case of micro-alloyed 0.04wt%V
(C09V04) sample, the intercept grain size is same as the low-carbon containing C09
(45 µm) alloy, but 15 µm smaller than C02V1.
Figure 4.41: Linear intercept grain size of as-cast Fe-C-V ternary alloys measured
using EBSD maps.
Since no grain boundary ferrite was readily visible, it was difficult to identify the
prior austenite grains from the optical and SEM micrographs. However, the specific
orientation relationship, which shows up as peaks at 54◦ and 60◦ in misorientation
distribution plots, can provide some information regarding the size and morphology
of prior austenite grains. If any such orientation relation should exist, then it can be
identified from the characteristic orientation pattern in the stereographic projection.
In Fig.4.42, typical examples of prior austenite grain morphology found in C14V1,
C22V1, C34V1 and C46V1 steels are highlighted. Along with them, the characteristic
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orientation relation (OR) pattern between prior austenite grains from which the
highlighted group of bainite grew are shown in the clustered patterns in {110} pole
figures. This relationship clearly indicates that the finer grain size in present 1wt%
vanadium containing alloys are mainly due to growth of different variants of bainite
packets within each austenite grain. As can be seen, the austenite grains were
elongated along the solidification direction and narrower in direction perpendicular
to it. Irrespective of the carbon content, the prior austenite grain size was found to
be approximately 50 to 150 µm wide and extends to distances greater than 250 µm.
The prior austenite grain size in Fe-C-V ternary alloys appears to be slightly smaller
when compared to the austenite grain size of some Fe-C binary steels, measured
using optical and SEM micrographs.
In addition, to check the nature of austenite grain boundary, a 250 nm step size
EBSD analysis was conducted at austenite/austenite interface of C46V1 sample.
Fig.4.43 shows a typical prior austenite grains and the interface between two austenite
grains is highlighted. As can be seen, different to Fe-C binary steels, no signs of
allotriomorph ferrite or Widmansta¨tten ferrite could be observed in this bainite
sample. A summary of grain size and morphology features of studied steels are
presented in table 4.6.
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(a) C14V1 (0.14wt%C, 1wt%V) (b) C22V1 (0.22wt%C, 1wt%V)
(c) C30V1 (0.30wt%C, 1wt%V) (d) C46V1 (0.46wt%C, 1wt%V)
Figure 4.42: EBSD maps highlighting the extent of prior austenite grains in Fe-
C-V ternary steels. The inset within each figure is {110} pole figure showing the
characteristic orientation relationship pattern between variants of bainite formed
within a prior austenite grain.
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(a)
(b)
Figure 4.43: EBSD map highlighting the prior austenite/austenite grain boundary
interface in as-cast C46V1 (0.46wt%C, 1wt%V). The austenite/austenite interface
region, encompassed within the rectangle, shows no indication of austenite grain
boundary nucleated allotriomorphic or Widmansta¨tten ferrite. Inset in figures shows
the characteristic orientation relationship of bainites in adjacent prior austenite
grains
4.4 Summary of as-cast microstructure features
Fe− C Binary Alloys
C02 C09 C14 C22 C30 C46
C (wt%) <0.02 0.09 0.14 0.22 0.3 0.46
Ferrite Morphology Quasi-Polygonal
Widmansta¨tten Widmansta¨tten Widmansta¨tten Widmansta¨tten Widmansta¨tten
/Allotriomorph /Allotriomorph /Allotriomorph /Allotriomorph /Allotriomorph
/Quasi-Polygonal /Quasi-Polygonal /Pearlite /Pearlite /Pearlite
Average Grain Size 45 45 50 - 40 35
Proir Austenite - - - 50 - >250 50 - >250 50 - >250
Grain Width (µm)
Fe− C − V Ternary Alloys
C02V1 C09V04 C14V1 C22V1 C30V1 C42V1 C46V1
V (wt%) 0.98 0.04 0.95 0.94 0.9 0.82 0.9
C (wt%) <0.02 0.09 0.14 0.22 0.3 0.42 0.46
Ferrite Morphology Quasi-Polygonal
Widmanstten
Bainite Bainite Bainite Bainite Bainite/Allotriomorph
/Quasi-Polygonal
Average Grain Size 60 45 13 7 8 5 5
Proir Austenite - - 50 - >150 50 - >150 50 - >150 - 50 - >150
Grain Width (µm)
Table 4.6: Microstructural features and grain size of all studied alloys.
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4.5 Discussion - Solidification
4.5.1 Effect of carbon on solidification sequence
During strip casting, directional solidification of liquid melt begins on the copper
substrate. In strip casting of steels, the initial solidification conditions are known to
influence the final grain size [21]. Since initial solidification conditions of strip cast
steels and the microstructure are intensely related, quite naturally one can expect to
modify the microstructure by changing the solidification sequence.
Compared to any other solute added to iron, carbon has the most significant effect on
solidification characteristics. Even for small amounts of carbon, a dramatic change
in the solidification sequence can be seen in the phase diagrams presented in Fig.4.44.
Table 4.7 highlights the effect of carbon concentration on the solidification sequence
encountered in the studied alloys.
(a) Fe-C Binary (b) Fe-1wt%V-C Ternary
Figure 4.44: Equilibrium phase diagram highlighting the effect of carbon on solidifi-
cation sequence.
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C02, C02V1 : L → L+δ → δ → γ
C09, C09V04 : L→ L+δ → δ + γ → γ
C14, C14V1 : L→ L+δ → L+δ + γ → γ
C22, C22V1 : L→ L+δ → L+γ → γ
C30, C30V1 : L→ L+δ → L+γ → γ
C46, C46V1 : L→ L+δ → L+γ → γ
Table 4.7: Solidification sequence of studied steels.
It can be seen that four different solidification sequence were encountered, and
therefore could potentially influence the strip cast microstructure development.
Moreover, the casting defects encountered only in C14 alloy ( sec.4.2.1.3 ) clearly
shows the occurrence of pertiectic reaction only in this alloy and validates that each
alloy underwent different solidification sequence. The peritectic breakouts are mainly
caused by the strain associated with δ-ferrite to γ-austenite transformation and the
volume change stresses are at its maximum when carbon content is in the range
about 0.12 wt% [129].
Despite the different solidification sequence, surprisingly, with increasing carbon
concentration a systematic change in the α-ferrite constituents was observed in both
Fe-C and Fe-C-V system. This strongly suggests that the subsequent γ-austenite
to α-ferrite phase transformation and the influence of solutes on this solid-state
transformation is vital in deciding the final strip cast microstructure.
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4.5.2 Behaviour of oxides and sulfides in DSC
During strip casting carbon steels, directional solidification of the liquid melt begins
on the copper substrate. The solidifying δ-ferrite crystals grow in form of dendrites,
the most common mechanism of solidification, in a direction normal to the heat flow
[8]. At this stage, due to lower solubility of solutes in solid than liquid, solutes has a
tendency to enrich the liquid phase.
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Figure 4.45: Schematic representation of dendritic solidification. PDAS and SDAS
are primary and secondary dendrite arm spacing.
Segregation of solutes in casting falls into one of two categories: macro and micro
segregation [8]. Macrosegregation refers to the compositional fluctuations comparable
to the size of specimen, while the compositional change in the scale of dendrite arm
spacing or smaller are referred as microsegregation.
Microstructural examination of alloys, preesnted in section 4.2, showed no signs
of long range macrosegregation. This shows that the rapid solidification during
strip casting results in a homogeneous distribution of solutes over a length scale of
hundreds of microns in present alloys.
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Microsegregation includes the composition variation as well as second phase formation
in the inter dendritic regions. ASB micrographs of as cast C02 (0.02wt%C) and
C02V1 (0.02wt%C, ∼1wt%V) steels showed microsegregation of 0.5 µm size range
particles oriented along certain axis to the solidification direction (see figures 4.2 and
4.27). EDX examination clearly showed that these microsegregation particles were
complex oxides, along with co-segregation of trace elements such as S and P. One
important effect of these oxides is particle pinning of grain boundaries during solid
state phase transformation and subsequent processing. The pinning force depends
on the volume fraction, the size and the spacing between the particles [61].
For any as-cast structure, rather than primary dendrite arm spacing (PDAS), the
secondary dendrite arm spacing (SDAS) is of practical importance because it defines
the microsegregation particle size and spacing to a greater extent[135]. Under strip
casting conditions, the PDAS is known to be determined by the nucleation density
during solidification [136], whereas the SDAS depends on the cooling rate. Typical
secondary dendrite spacing traced back from the arrangement of oxide particle
is presented in Fig.4.46. Due to rapid solidification nature of strip casting, the
secondary dendrite arm spacing tend to be much finer than conventional casting
process (see Fig.2.2), consequently less segregation. In fact, strip casting under
present experiential conditions using the dipping apparatus, the SDAS have shown
to vary between 5-15 µm [27][136], which is consistent with the observed particle
spacing.
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Figure 4.46: Typical SDAS spacing traced back from the arrangement of precipitates
in as-cast C02V1 ((0.02wt%C, 1wt%V) sample.
Apart from microsegregation of solutes during solidification, precipitation and seg-
regation also occurs during (1) δ-ferrite to γ-austenite and γ-austenite to α-ferrite
transformations due to difference in solubility between the phases, and (2) cooling
stages of austenite and ferrite due to decreased solubility with decreasing temperature
[137].
A typical example of precipitation occurring at different stages, captured in C46
sample, is shown in Fig.4.47. Very fine precipitates could be seen along the Wid-
mansta¨tten ferrite (green line) and slightly large isolated micrometer size particles
(encircled in red). EDX examination shows that the particles present along the
present along the Widmansta¨tten ferrite are MnS (Fig.4.47b). Whereas, the red
circled micrometer size particle in Fig.4.47a are oxides.
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(a) AsB micrograph of as-cast C46 (0.46 wt%C)
(b) MnS (c) Oxide
Figure 4.47: AsB micrograph of as-cast C46 sample compares the size of inter
dendritic precipitates to those formed during solid state transformation
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As discussed earlier, the oxide particles must have formed mainly during the so-
lidification stage. On the other hand, the distinctively visible MnS precipitates
that are frequently observed at prior austenite grain boundaries must have formed
during austenite to ferrite phase transformation. Precipitation of MnS are frequently
reported to nucleate preferentially at defects such as grain boundaries [138] [49].
Recently, Liu [50] have shown that precipitation of MnS in austenite matrix is
suppressed during rapid cooling conditions such as strip casting. Based on the classic
nucleation theory Liu [50] [137] showed that precipitation of MnS is less favourable
in the austenite matrix and the austenite grain boundaries are the preferential sites
for MnS nucleation, which is consistent with present observation.
Apart from grain boundaries, precipitation is likely to occur heterogeneously at
dislocations and homogeneously in the ferrite matrix during cooling. Atom probe
analysis of C09 and C09V04 samples clearly showed the presence of MnS rich clusters.
The estimated number density, including the few atom clusters, were 8.77×1023 and
9.18×1023 clusters/m3 in C09 and C09V04 samples respectively. This number density
is nearly 7 orders of magnitude higher than the particles that are precipitated in the
inter dendritic regions. Moreover, unlike the oxide particles, whose composition was
mainly O along with co-segregating S, APT analysis clearly showed that the core
composition of clusters were mainly Mn and S. The main implication is that the
observed MnS nano size clusters must have formed during the later stages of solid
state transformation i.e. after the austenite to ferrite transformation and during
cooling of ferrite.
The influence of these second phase particles on migrating grain boundary can be
understood by calculating the retarding force using the Zener equation 4.1 [61].
Pz =
3γFv
2r (4.1)
Where Pz is the pinning force, γ is the energy of grain boundary, which is usually
assumed as 0.56 J/mol [82], Fv and r are the volume fraction and radius of precipitates
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respectively. The estimated pinning force by particles is summarized in Table.4.8.
Precipitate Average Diameter (nm) Fv Pz (MPa)
Oxides 630 0.00426 0.01
Grain boundary MnS 184 0.0001 0.0009
MnS Clusters 1.22 0.000195 0.26
Table 4.8: Estimated particles pinning force in as strip cast alloys.
Typical driving force for grain boundary migration during phase transformation is in
the order of hundreds of MPa [56, 65]. This driving force for transformation, which
in principle can overcome the particle pinning effect. For such a low particle volume
fraction, it is unlikely that any of the particles would have a significant influence on
the grain growth during solid state transformation or subsequent processing stages.
Therefore, it is suggested that the as-cast microstructure of strip cast Fe-C binary
and Fe-C-V ternary steels are determined by the solutes in solid solution during
austenite decomposition and the particle pinning effect is not significant due to low
volume fraction in present alloys.
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4.6 Discussion - Effect of solutes on austenite de-
composition
4.6.1 Effect of Carbon on Fe-C binary alloy
Microstructural examination of Fe-C binary alloys showed a systematic change in
the microstructure as a function of carbon concentration. With increasing carbon
concentration a decrease in the ferrite volume fraction was accompanied by an increase
in pearlite. Although this increase in pearlite with increasing carbon concentration
is not unusual and generally observed in conventional casting, it can be seen from
the SEM micrographs of Fe-C steels in section 4.2.1, the morphology of strip cast
structure is different than the usual ferrite-pearlite structure.
(a) C02 (0.02wt%C) (b) C46 (0.46wt%C)
(c) C02 (0.02wt%C) (d) C46 (0.46wt%C)
Figure 4.48: (a),(b) AsB micrographs and (c),(d)EBSD maps illustrating the differ-
ence in microstructure due to carbon addition.
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The nucleation of ferrite begins heterogeneously at prior austenite grain boundaries
[5]. The ferrite morphology of ultra-low carbon containing C02 alloy consist of
quasi-polygonal ferrite or massive ferrite. When ultra-low carbon steels are cooled
sufficiently fast, austenite transforms to massive ferrite by nucleation and interface
controlled growth of ferrite without any composition change [139]. During its growth,
the migrating austenite/ferrite interface is known to take a characteristic ragged
morphology and contain dislocation substructures, which is consistent with the
present observation (see Fig.4.1).
While the ultra low carbon C02 has a complete quasi-polygonal structure, upon
slightly increasing the carbon concentration to a low carbon range in C09 alloy, the
ferrite morphology transformed to a predominantly Widmansta¨tten ferrite structure
(see Fig.4.4). Aaronson [40] describes the mechanism of Widmasta¨ten ferrite forma-
tion is due to sympathetic nucleation of Widmansta¨tten laths on grain boundary
allotrimorphic ferrite.
Different to interface controlled transformation in massive ferrite, the partitioning
of carbon ahead of the moving α/γ interface leads to diffusion controlled growth in
Widmansta¨tten ferrite [140]. In the present study, the length of the Widmansta¨tten
laths appears to be associated with the carbon concentration of the steel. As shown
in section 4.2.1, the volume fraction of ferrite decreases with increasing carbon
concentration and the Widmansta¨tten ferrite laths constitutes nearly all ferrite
fraction. Assuming that the largest lath in the micrographs (Fig.4.13) represent the
true size of Widmansta¨tten ferrite, the measured apparent lath lengths are shown in
Fig.4.49 as a function of carbon content.
Chapter 4. Strip Cast Microstructure 150
Figure 4.49: Apparent Widmansta¨tten lath length measured using optical and
scanning electron micrographs. No stereological corrections were made.
It can be seen that lath length decreases with increasing carbon concentration. Since
the length of Widmansta¨tten laths is an indicator of its growth rate [141], it is
suggested that increasing the carbon concentration in binary Fe-C alloys decreases
the Widmansta¨tten lath growth rate, which in turn decreases the ferrite volume
fraction under present casting conditions. This decreasing ferrite fraction with
increasing carbon is consistent with the microstructural observations made during
carbon steel welding [142] [141], which has cooling conditions very similar to strip
casting.
4.6.1.1 Development of Pearlite in Fe-C binary alloys
One notable aspect of the as-cast microstructural feature in Fe-C binary carbon steels
is the unanticipated presence of pearlite in the hypo-eutectoid steels. Systematically
studying the microstructural evolution with increasing carbon concentration showed a
steady increase in the amount pearlite. Most surprising, however, was the lamellar like
appearance of pearlite in C46 (0.46 wt% C) alloy. It is widely accepted that lamellar
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pearlite generally forms under slow cooling conditions where cementite and ferrite
can simultaneously precipitate and cooperatively grow from carbon supersaturated
austenite [29]. In the present case, formation of nearly lamellar pearlite was possible
even under fast cooling conditions in C46 steel. It should be noted that in C22
(0.22wt%C) and C30 (0.30wt%C) steels, pearlite was lamellar to a certain extent
near the Widmansta¨tten ferrite and had a degenerated appearance elsewhere.
In terms of volume fraction of pearlite, the metallographically measured pearlite vol-
ume fraction under strip casting conditions can be compared against the equilibrium
fraction using the Lever rule ((‘X’wt%C − 0.022)/0.74) (Fig.4.50)
Figure 4.50: Volume fraction of pearlite in strip cast Fe-C alloys and Lever rule
predicted equilibrium pearlite fraction.
It can be seen that strip cast Fe-C binary alloys have pearlite volume fraction greater
than the equilibrium predicted fraction above 0.2 wt% carbon. Under equilibrium
conditions, the untransformed austenite remaining in the microstructure transforms
to pearlite below Ae3 [139]. In the present case, the volume fraction of the austenite
may be higher than equilibrium due to increasing cooling rate, consequently higher
volume fraction of pearlite.
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On the other hand, atom probe analysis of C09 (0.09 wt%C) sample has shown that
the carbon content in the matrix is close to the equilibrium solubility level of 0.02
wt% (Table 4.2). This implies that the total volume fraction of carbon present as
carbides must also remain close to the equilibrium level. It must be the case that
the pearlite in strip cast condition have a lower volume fraction of cementite than
equilibrium. The low cementite fraction in pearlite can be explained in terms of
diffusivity of carbon. Due to large austenite grain size and rapid cooling, there is
insufficient time for partitioning carbon to diffuse equally throughout the austenite.
Consequently, the pearlite that develops during strip casting Fe-C binary alloys
has an increased volume fraction but lower in cementite resulting in degenerated
appearance.
4.6.2 Effect of Vanadium on Fe-V binary alloy
Fig.4.51 compares the as-cast structure of C02 and C02V1 alloys, one with 1wt%
vanadium and one without vanadium. Microstructural examination showed a very
similar coarse quasi-polygonal ferrite structure. Vanadium in solid solution appears
to have no appreciable effect on the ferrite morphology when the carbon level is
0.02wt%. The only effect due to V addition was a slight increase in the average grain
size from 45 µm to 61 µm.
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(a) C02 (0.02wt%C) (b) C02V1 (0.02wt%C, 1wt%V)
(c) C02 (0.02wt%C) (d) C02V1 (0.02wt%C, 1wt%V)
Figure 4.51: (a),(b) AsB micrographs and (c),(d)EBSD maps illustrating the similar-
ity in as-cast grain morphology and difference in grain size due to 1wt%V addition.
Alloying elements in solid solution are known to alter the nucleation and growth
characteristics of ferrite during austenite decomposition. The possible mechanisms
by which alloying elements could influence the transformation characteristics are:
1. Inhibition of nucleation of ferrite by segregating to the austenite grain bound-
aries resulting in solute excess at grain boundaries [143].
2. Growth of ferrite by solute drag [144].
3. Changing the α/γ phase transformation temperature [46].
The most surprising result here is that very little effect of solute on microstructure
morphology has been found. This is particularly interesting because recent investi-
gations on the effect of alloying elements in solid solution on phase transformation
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behaviour have shown that solute segregation to prior austenite grain boundary
inhibits ferrite nucleation [30] [143]. For the case of Nb as solute, significant prior
austenite boundary segregation has been observed [43], consequently influencing the
microstructure.
Considering this hypothesis, the amount of V segregating to austenite grain bound-
aries in C02V1 sample can be estimated using segregation isotherms [82]. In order to
predict the grain boundary concentration of V, its energy for segregation per mole of
solute (∆Gseg) has to be known. This value can be estimated from the elastic strain
energy arising due to misfit of solute atom in the matrix using equation. 4.2.
∆Eel =
24piKsGmrsrm(rm − rs)2
3Ksrs + 4Gmrm
= ∆Gseg (4.2)
where Ks is the bulk modulus of solute, Gm is the shear modulus of the solvent, rs
and rm are the atomic radii of pure solute and solvent (matrix). The atomic radii
and elastic properties used in the calculation are given in table 4.9.
Atomic radius
V 1.34×-10 m [145]
Fe 1.27×10-10 m [145]
Bulk Modulus
V 1.58×1011 N/m2 [146]
Fe 1.70×1011 N/m2 [146]
Shear Modulus
V 4.67×1010 N/m2 [146]
Fe 8.16×1010 N/m2 [146]
Table 4.9: Atomic radii and Elastic properties of solute (V) and solvent (Fe) used
for calculating the grain boundary segregation energy of vanadium.
By assuming all V is in solid solution and available for grain boundary segregation,
substituting the ∆Gseg/RT values into Seah-Hondros isotherm [147], the interfacial
solute excess at grain boundaries can be calculated as a function of temperature.
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θseg
(1− θseg) =
Xs
(1−Xs) exp
(
− ∆Gseg
RT
)
(4.3)
Where Xs is the amount of solute available for segregation, θseg ≡ ΓiΓ0 , Γ0 is the
maximum possible solute atoms that can segregate in the first monolayer of grain
boundary and Γi is the interfacial excess. The calculated grain boundary concentra-
tion of V as a function of temperature is shown in Fig.4.52. The prediction is based
on equilibrium segregation, but strip casting conditions are not near equilibrium and
therefore can only be considered as a comparative tool. The only experimental data
available on grain boundary segregation in strip cast steel was conducted on a Nb
alloyed steel [43]. They reported that 0.25 Nb atoms were found to be segregated
per nm2 of prior austenite grain boundaries for a bulk composition of 0.0875 at% Nb.
In order to compare the calculated vanadium segregation results to that of Nb data
available from the literature, the equilibrium segregation of Nb was also calculated
using the same procedure and shown in Fig.4.52. The equilibrium austenite to ferrite
transformation (Ae3) temperature (dashed vertical line) is also shown for reference.
Figure 4.52: Equilibrium V grain boundary excess calculated using Seah-Hondros
isotherm.
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The experimentally measured Nb segregation value, ∼0.25 Nb atoms/nm2 from
[43], is about one third of the calculated value at Ae3 temperature, probably due
to the rapid cooling rates experienced. We can estimate that the V concentration
at the boundary will also be about one third of the concentration predicted at
Ae3 temperature, which is only 0.06 atoms/nm2. It is important to point out the
surprising difference in-between the compared alloying elements. Even when ∼1.5at%
V is available for segregation, the calculated austenite grain boundary interfacial
excess of vanadium is only 0.125 atoms/nm2. Whereas, 0.27 Nb atoms can segregate
for every nm2 of austenite grain boundary even when the bulk concentration is only
0.0875at%. This reduced tendency for V segregation compared to Nb is mainly
because of smaller atomic size difference between V and Fe than Nb and Fe atoms.
For such a low quantities of V segregating to austenite grain boundaries, it is less
likely that it would affect the nucleation behaviour of ferrite on austenite grain
boundaries. Consequently, the microstructure of C02 and C02V1 samples remained
the same, irrespective of the presence of vanadium. Therefore, it is reasonable to
concluded that V when present alone in solid solution does not alter the nucleation
characteristics of austenite grain boundaries to a significant extent under strip casting
conditions.
Now we consider the influence of vanadium on ferrite grain size. It was shown by
the EBSD grain size quantification that even after the addition of 1wt% vanadium
(C02V1 sample), the microstructure not only remained quasi-polygonal ferrite, the
measured grain size of 61 µm is slightly higher than C02 steel (45 µm). This increase
in grain size can be rationalized in terms of an increase in transformation temperature,
as shown in the equilibrium phase diagram (Fig.4.53), without the need for invoking
solute drag or particle pinning.
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Figure 4.53: Equilibrium phase diagram of binary Fe-V alloy showing the raise in
γ/α transformation temperature due to V addition
Vanadium being a ferrite stabilizing element, its 1wt% addition raises the austenite
to ferrite transformation temperature by about 100◦C. This raise indicates early
nucleation and growth of ferrite grains. This may therefore indicate that increase in
the transformation temperature is the dominant reason for the increased grain size
in C02V1 alloy.
4.6.3 Effect of C and V on Fe-C-V ternary system
In the Fe-C-V ternary alloys, the concentration of vanadium and carbon strongly
affected the microstructure. The main points of interest from the microstructural
observation can be summarized as follows.
1. Micro-alloying addition of 0.04wt% vanadium to Fe-0.09wt%C (C09V04 sample)
resulted in average grain size of 55 µm with predominantly grain boundary
allotriomorphic ferrites and Widmansta¨tten ferrite.
2. Macro-alloying addition of 1wt% V to ultra-low (0.02wt%) carbon steel (C02V1)
resulted in quasi polygonal ferrite.
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3. Macro-alloying addition of 1wt% vanadium to samples along with carbon
>0.14wt% (C14V1 through C46V1 samples) resulted in fine 5-13 µm grain size
banitic structure.
From these observations a microstructure map (Fig.4.54) can be developed to describe
the effect of vanadium and carbon on austenite decomposition products under strip
casting conditions. The grain size and the microstructure were closely related.
Figures 4.55 and 4.56 shows the significantly different microstructures of two different
vanadium and carbon contents i.e, C09V04 and C42V1 steels. The C09V04 alloy
composed large Widmansta¨tten ferrite grains (Fig.4.55b). Whereas C42V1 (Fig.4.56a)
bainitic samples had relatively fine grains compared to Widmansta¨tten ferrite.
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Figure 4.54: Schematic microstructure map showing the effect of carbon and vanadium
concentration on microstructure development during strip casting.
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(a) TEM micrograph (b) Optical micrograph
Figure 4.55: Micrographs of C09V04 (0.09wt%C, 0.04wt%V) highlighting the effect
of vanadium and carbon on microstructure development.
(a) TEM micrograph (b) Optical micrograph
Figure 4.56: Micrographs of C42V1 (0.42wt%C, ∼1wt%V) highlighting the effect of
vanadium and carbon on microstructure development. Note the higher magnification
in the optical micrograph.
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As mentioned before, solutes influence the nucleation and/or growth characteristics
during austenite-ferrite transformation. However, when carbon and a strong carbide
forming element such as V are present together, there are certain uncertainties as to
how these solutes will affect the austenite to ferrite transformation. In some cases
[148] [149], vanadium carbide precipitates are proposed to be responsible for the
bainite formation by inhibiting ferrite nucleation. On the other hand, a strong carbide
forming element, Nb, in solid solution is shown to produce bainite by segregating to
austenite grain boundaries [43] and reducing the nucleation potency [143] and/or
by solute drag of α/γ interface [144] [150]. Therefore, the important factors to be
considered for present casting conditions are:
1. Have the V and C formed vanadium carbide in the as-cast condition?
2. What factors are dominant in modifying the as-cast microstructure?
(a) Particle pinning by vanadium carbide.
(b) Solute segregation and drag due to vanadium and carbon in solid solution.
We begin by determining whether the V and C have had sufficient time to form
carbides during strip casting. TEM was used to examine the microstructure of
C09V04 (Fig.4.55a) and C42V1 alloys (Fig.4.56a). Apart from cementite no evidence
of VC precipitates was observed in both samples. Atom probe analysis also showed
a random distribution of vanadium in both the steels. Moreover, the vanadium
concentration was found nearly to be the same in the carbide as well as in the matrix
region of C42V1 bainitic steel. The 5NN analysis of V and C in the matrix region
of bainitic sample (Fig.4.57) shows that the distribution of V and C is random
and no clustering is evident. Therefore, vanadium and carbon must be in solid
solution prior to decomposition of austenite. It is important to remind that due to
cementite formation after austenite decomposition, the carbon concentration is close
to equilibrium but vanadium remains supersaturated in solid solution.
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(a)
(b)
Figure 4.57: Atom probe analysis of as-cast C42V1 bainitic steel showing (a) Distri-
bution of C and V in the selected ferrite matrix (Brown spheres are V ions and dots
represents carbon, volume = 24 x 27 x 16 nm3) (b) 5NN distribution of V and C in
the chosen matrix region.
In the absence of vanadium carbide precipitates/clusters under strip casting condi-
tions, it is more likely that vanadium and carbon present in solid solution during
the time of austenite decomposition are responsible for the as-cast microstructure
development. In addition, EBSD analysis on prior austenite/austenite interface of
bainite sample showed no signs of austenite grain boundary nucleated allotrimorph
ferrite. Since the allotriomorph ferrite was observed only in Fe-C binary alloys and
absent in bainite samples, it seems highly likely that solute segregation to austenite
grain boundary determines the austenite decomposition products under present
simulated strip casting conditions, which is consistent with the findings of Felfer et
al [43].
As shown in Fig.4.54, due to the difference in solute concentrations, variety of
austenite decomposition products were characterized. In an attempt to obtain an
approximate relation between the solute concentration and the observed microstruc-
ture, a similar set of austneite grain boundary solute concentration calculation was
carried out as outlined in section 4.6.2. Despite the strong affinity between carbon
and vanadium atoms, since clustering of vanadium and carbon atoms does not occur
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in the APT analysed volume, an estimate was made by assuming that no elemental
interaction in between the solutes in solid solution. The interfacial excess of vana-
dium is calculated using ∆Gseg of V calculated in the previous section. However,
carbon is an interstitial solute occupying octahedral sites of Fe lattice, therefore the
force exerted by carbon atom on Fe lattice is asymmetric in both BCC and FCC
lattices. This brings some complexity in calculating the ∆Gseg value for C. So, a
thermodynamic based approach was followed using equation 4.4.
∆Gseg = ∆Hseg − T∆Sseg (4.4)
Where ∆Hseg is the enthalpy of segregation, T is absolute temperature in Kelvin,
and ∆Sseg is the entropy of segregation. The values used in present calculation are
given in table 4.10
∆Hseg ∆Sseg
-57 kJ/mol 21.5 J/molK [82]
Table 4.10: Numerical values used in calculating grain boundary interfacial excess.
The calculated interfacial excess of 4 different steel compositions (C02V1, C09V04,
C14V1 and C42V1) are shown in Fig.4.58. Due to significant difference between
the quantities of carbon and vanadium segregation, the graphs are plotted in log
scale. The austenite to ferrite transformation temperature (Ae3) is marked as dashed
vertical line and the interfacial excess of solutes at that temperature is annotated in
the figure.
From figure 4.58b, it can be seen that for large grain size quasi-polygonal ferrite
in C02V1 alloy, the amount of carbon segregating at the Ae3 temperature is only
0.2 atoms/nm2. Similarly, in the case of C09V04 (Fig.4.58a), whose microstructure
was predominately Widmansta¨tten ferrite, vanadium interfacial excess is only 0.01
atoms/nm2. On the other hand, when approximately 10 atoms of carbon and 0.2
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(a) C09V04 (0.09wt%C,0.04wt%V) (b) C02V1 (0.02wt%C,1wt%V)
(c) C14V1 (0.14wt%C,1wt%V) (d) C42V1 (0.42wt%C,1wt%V)
Figure 4.58: Calculated grain boundary interfacial excess of V and C in selected
as-cast Fe-C-V ternary steels.
atoms of vanadium segregate to grain boundary at the reference temperature, the
microstructure was ∼5-10µm grain size bainitic microstructure.
From the microstructural observation, grain size measurements and the predicted
solute segregation calculations, it appears that in order to produce fine grain sized
bainitic microstructure under strip casting conditions, sufficient levels of both carbon
and vanadium should be present in the composition to facilitate their segregation at
austenite grain boundaries. If the concentration level of either one of these elements
are lower than a certain threshold, the resulting austenite decomposition product is
a relatively large grain size ferrite.
Very recently, solute segregation of Nb to prior austenite grain boundaries has been
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shown to increase the undercooling by reducing the ferrite nucleation potency at
austenite grain boundaries, consequently resulting in bainite [143]. In the present
case, it appears that sufficient levels of both vanadium and carbon should segregate
to reduce the nucleation potency of austenite to increase the undercooling and form
fine grain size bainitic microstructure. Since the determined PAGB segregation
will also be a candidate for solute drag of γ/α phase boundaries, it can also be
surmised that such a segregation effect may have a profound effect on growth of
bainite. It can therefore be concluded that solute segregation effect is responsible
for the development of bainitic microstructure under strip casting conditions and
particle pinning is not operative in the present samples.
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4.7 Summary and Conclusion
A systematic and detailed microstructural investigation was carried out on as-strip-
cast Fe-C and Fe-C-V alloys using optical microscopy, scanning and transmission
electron microscopy, electron back scatter diffraction and atom probe tomography.
The effect of composition on the microstructural development of strip cast steels can
be summarised as follows:
Effect of Carbon:
• In the Fe-C binary alloy group, casting defects were observed only in the C14
(0.14wt%C) alloy. This is proposed to be due to peritectic reaction in this
composition.
• The addition of carbon, had little influence on the austenite grain size or
morphology. The prior austenite grains were highly heterogeneous and were
elongated along the solidification direction, and had a size range of 50-250 µm
• Due to the rapid cooling during strip casting, interdendritic segregation of
alloying elements was minimal. The interdendritic segregated elements tend
to form complex oxide particles with diameters extending from few hundred
nanometres to 2 µm, which is orders of magnitude smaller than those observed
in conventional casting processes.
• The average ferrite/pearlite grain size remained constant around 45 µm for all
carbon concentration examined.
• With increasing carbon, a linear decrease in the ferrite fraction was accompanied
by steady increase in pearlite fraction. Due to the rapid cooling experienced
during strip casting, the pearlite volume fraction was found to be higher
than the equilibrium volume fraction. This is proposed to be due to carbon
concentration gradient in austenite causing lower cementite fraction in pearlite
during strip casting.
Chapter 4. Strip Cast Microstructure 166
• Consistent with the literature, SEM based chemical mapping identified the
precipitation of MnS at prior austenite grain boundaries. In addition to this,
atom probe tomography also showed atomic scale clusters and precipitates
of Mn and S. This MnS clustering is proposed to occur after the austenite
decomposition.
Effect of Vanadium:
• The inter-dendritically segregated oxides were V rich in C02V1 alloy, which had
ultra-low carbon along with 1wt%V. The size distribution of these particles
were very similar to that of vanadium free ultra-low carbon steel.
• Under present casting conditions, irrespective of the presence of vanadium,
at low carbon levels (< 0.02wt%C), the ferrite microstructure was found to
remain quasi-polygonal ferrite.
• The addition of 1wt% V did not result in grain refinement, rather a small
increase in grain size was observed. It is proposed that due to the low segregation
tendency of V to prior austenite grain boundaries, the addition of V does not
delay the ferrite nucleation event under strip casting conditions.
• The increase in grain size due to V addition is attributed to the ferrite stabilizing
nature of V, which raises the γ/α transformation temperature.
Effect of Carbon and Vanadium:
• The addition of vanadium prevents the development of casting defects, even
when the carbon concentration is in the peritectic range.
• A small decrease in the width of the prior austenite grain was observed when
the carbon content is increased above 0.14wt%, but only in the presence of
1wt% vanadium.
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• When small amounts of V (0.04wt%) and C (0.09wt%) were present together
in micro-alloy C09V04 sample, the as-cast microstructure was predominantly
Widmansta¨tten ferrite and quasi polygonal ferrite. The grain morphology
as well as the grain size of this sample was very similar to C09 alloy, which
did not contain vanadium. It is proposed that due to low segregation nature
of vanadium, addition of only 0.04wt% V did not have any influence on the
microstructural morphology or grain size in the as-cast condition.
• A fully banitic microstructure forms only when C and V levels reached 0.14wt%
and 1wt% respectively. APT examination showed that most, if not all, vana-
dium is in solid solution. It is proposed that under strip casting conditions,
vanadium in solid solution is responsible for producing a fine grain banitic
microstructure.
• Based on microstructural observations and interfacial excess calculations, it is
proposed that sufficient levels of both carbon and vanadium must be present in
the bulk composition in order to facilitate the development of bainitic structure
through solute segregation to the proir austenite grain boundaries.
• Steels with fully bainitc microstructure displayed an average grain size of
10 µm or less. This shows the ability of strip casting to produce fine grain
microstructures without the need for thermo-mechanical processing.
Chapter 5
Deformation behaviour
5.1 Introduction
Previous chapter outlined the microstructural features of strip cast steel alloys. Six
compositions were chosen to study secondary processing, specifically the stored
energy changes due to cold rolling.
To point out the similarity and differences, a side by side comparison approach is
followed and the chosen samples are grouped in a slightly different manner to the
previous chapter. Table 5.1 highlights the nomenclature that will be used in this
chapter. The results are presented as follows:
Group I. Ultra-low carbon steels. C02 and C02V1 alloys have 0.02wt%C and a
similar as-cast microstructure but have significantly different vana-
dium levels. Therefore, to study the effect of 1%wt V at ultra-low
carbon levels, these two alloys were chosen for 50% cold rolling.
Group II. Carbon steels. C09 and C46 steels were chosen to study the effect of
carbon in Fe-C binary alloys.
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Group III. Vanadium steels. The micro-alloy C09V04 sample and a macro-alloy
C42V1 sample were chosen to study the effect of vanadium in the
presence of carbon.
wt%C
Micro-Alloy
(0.04wt%V)
Macro-Alloy
(1wt%V)
0.02 wt% C02 C02V1 Ultra-Low Carbon
0.09 wt% C09 C09V04
0.14 wt% C14 C14V1
0.20 wt% C20 C20V1
0.33 wt% C33 C33V1
0.42 wt% C42 C42V1
0.46 wt% C46 C46V1
Carbon Steels Vanadium Steels
Table 5.1: Nomenclature of 50% cold rolled samples categorized according to the
composition.
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5.2 Group I: Ultra-low carbon steels
Both ultra-low carbon (ULC) steels, one with vanadium (C02V1 - 0.02wt%C, 1wt%V)
and without vanadium (C02 - 0.02wt%C, 0wt%V), had a quasi-polygonal ferrite
microstructure with dislocations and sub-structure in the as-cast condition . Typical
microstructure of 50% cold rolled C02 and C02V1 are shown in Fig.5.1. Cold
rolling resulted in characteristic pancake grains that were elongated along the rolling
direction. AsB micrographs revealed that some grains in both the steels exhibited
thin and sharp deformation banding in the order of few hundred nanometres. These
bands were inclined in an acute angle to the rolling direction with relatively dense
strain contrast/orientation contrast inside these grains. The density of contrast
was less in the remainder of the grains that consisted of coarse deformation bands.
The thin bands are sometimes called ‘micro-shear bands’ [151] or ‘in-grain bands’
[152], typically observed in interstitial free steels. A majority of these bands were
confined within a grain and appeared to originate and end in grain boundaries. The
orientation of these deformation bands were parallel to one another within a grain,
but significantly different from the adjacent grains.
(a) C02 (0.02wt%C) (b) C02V1 (0.02wt%C, 1wt%V)
Figure 5.1: AsB micrographs of 50% cold rolled ultra-low carbon steels
EBSD maps representing the deformation structure of C02 and C02V1 are shown
Fig.5.2a and 5.2b respectively. As can be seen, the deformed microstructure is similar
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in both the steels. The plot of relative orientation change inside the grains marked as
”1” in EBSD maps shows that the change in misorientation is less than 10◦ (Fig.5.3a
and 5.3c) in both the steels. Relatively high misorientation change in the in-grain
band grains is consistent with the strain contrast observed in AsB micrographs.
Misorientation profile analysis on the grains that had less dense structure showed
that the orientation change within the grain is approximately 2◦ in both C02 and
C02V1 samples (Fig.5.3). The less dense grains are arrowed red and numbered as
”2” in the EBSD maps and in Fig.5.3.
By comparing the Fig.5.3a with 5.3c, and Fig.5.3d with 5.3d, we can see that
although the misorientation profiles were different for different grains in one alloy, the
misorientation profiles of similarly oriented grains are infact similar in-between alloys.
This clearly shows that, despite the difference in the chemistry between C02 (0.02
wt%C, 0 wt%V) and C02V1 (0.02 wt%C, 1 wt%V), the cold rolled microstructure did
not show any notable difference. X-ray stored energy measurements also concur with
the conclusion of the EBSD measurements. The average stored energy accumulated
due to cold rolling was in the range of 11-13 kJ/mol for both the samples (Fig.5.4).
Since the stored energy depends on the individual orientation (see sec.3.4.4), only the
average stored energy is presented here. The stored energies of individual orientation
are given in the Appendix B.
Chapter 5. Deformation behaviour 172
(a) C02 (0.02wt%C)
(b) C02V1 (0.02wt%C, 1wt%V)
Figure 5.2: EBSD maps of 50% cold rolled ultra-low carbon steels.
Chapter 5. Deformation behaviour 173
(a) (b)
(c) (d)
Figure 5.3: Misorientation profile analysis of lines ”1” and ”2” shown in Fig 5.2. (a)
and (b) are 50% cold rolled C02 (0.02wt%C), (c) and (d) are 50% cold rolled C02V1
(0.02wt%C, 1wt%V).
Figure 5.4: Average stored energy due to cold rolling of ULC steels measured using
XRD 2θ peaks at 45◦, 65◦ and 82.5◦.
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5.3 Group II: Carbon Steels
EBSD maps of 50% cold rolled C09 (0.09wt%C) and C46 (0.46wt%C) steels, shown in
Fig.5.5, highlights the difference and emphasises the effect of carbon on microstructure.
The as-cast microstructure of low-carbon C09 steel consisted of a mixture of quasi-
polygonal and grain boundary ferrite with an average grain size of 45 µm. The
high-carbon C46 sample had pearlite and thin grain boundary ferrite microstructure
with an average size of 38 µm. Due to this difference in the as-cast grain size and
microstructure, the resulting cold rolled deformation structures were also slightly
different.
ASB examination of 50% cold rolled C09 samples showed the presence of a large
number of microscopic scale shear bands (Fig.5.6). The thickness of these bands
varied from 200–500 nm. The strain contrast variation in this steel were more
frequent than any of previously discussed steels. Due to complex microstructrue, it
was not possible to differentiate the grains by its internal misoriententation change
using AsB images or EBSD maps. However, uniform and frequent contrast change
within the sample usually indicates the presence of dense deformation related defects
throughout the sample.
After deformation, the pearlitic microstructure in C46 steel displayed pronounced
deformation banding. The deformation bands tend to align most of the carbides in
its direction of propagation, usually inclined at an angle of ± 30-40◦ to RD (Fig.5.7a).
Depending on the orientation of the pearlite colonies, rolling causes the cementite
lamella to buckle and kink, creating a wavy appearance (Fig.5.7b). These kinks
in carbides are said to be the characteristic features of severely deformed pearlite
lamella [153]. Close to these kinked regions, few lamella appeared fractured. The
overall inter-lamellar spacing remained fairly un-altered after cold rolling. The cluster
of substructure were denser in C46 than C09. Although precise density was not
quantifiable from AsB images, orientation contrast variation was frequent between
the lamella, indicating that the cell structure were denser in C46 steel.
Chapter 5. Deformation behaviour 175
(a) C09 (0.09wt%C)
(b) C46 (0.46wt%C)
Figure 5.5: EBSD maps of 50% cold rolled Carbon steels. Black lines are boundaries
with misorientation >15◦.
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Figure 5.6: AsB micrograph of 50% cold rolled C09 sample showing deformation
bands and dense deformation related defects.
(a)
(b)
Figure 5.7: Higher magnification AsB micrographs of 50% cold rolled C46 sample
showing (a) arrangement of cementite inside pearlite colonies along the shear band,
(b) kinking of cementite by shear bands.
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X-ray peak broadening measurements, shown in Fig.5.8, indicates that the stored
energy in cold rolled high-carbon C46 (∼ 29 J/mol) is approximately twice that of
low-carbon C09 (∼ 18 J/mol). However, the stored energy of both these steels in
as-cast condition were similar.
Figure 5.8: Stored energy due to 50% cold rolling of Carbon steels, measured using
XRD 2θ peaks at 45◦, 65◦ and 82.5◦.
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5.4 Group III: Vanadium Steels
Figure 5.9 presents the EBSD maps of Group III samples, C09V04 and C42V1,
showing the difference in cold rolled microstructure of these two steels. The micro-
alloyed C09V04 had an as-cast grain size of 55 µm. Cold rolling led to long elongated
deformation structure very similar to vanadium free C09 sample. On the other hand,
no large scale shear bands were visible in the deformed C42V1 macro-alloyed steel
(Fig.5.9b), whose initial microstructure was bainite. Due to fine as-cast grains in
C42V1 steel, EBSD maps were captured using a smaller 0.5 µm step size. Acquisition
and magnification details are included in the maps.
Higher magnification AsB micrographs of cold-rolled vanadium steels are presented
in Fig.5.10. The deformation bands in micro-alloyed steel, C09V04 (Fig.5.10a) were
similar to the ones observed in low-carbon, C09, steel. Most of these bands were
continuous and extended a few microns, and appeared to be present at an acute
angle to the rolling direction. The distance between these bands was in the order
of a few nanometres. In contrast to this, after cold rolling the macro-alloy C42V1
steel, the deformation bands were relatively short, discontinuous and wavy in nature
(Fig.5.10b). This material showed the finest initial grain size and consisted of a
bainitic microstructure. Cold rolling resulted in a highly dense sub-structures and
relatively thin deformation bands.
Stored energy quantification from X-ray measurement presented in Fig.5.11 indicates
that the stored energy in 50% cold rolled C42V1 steel is the highest of all the studied
alloys and almost twice that of C09V04 steel.
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(a) C09V04 (0.09wt%C, 0.04wt%V)
(b) C42V1 (0.42wt%C, 1wt%V)
Figure 5.9: EBSD maps of 50% cold rolled Vanadium steels. Black lines are bound-
aries with misorientation >15◦.
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(a) C09V04 (0.09wt%C, 0.04wt%V) (b) C42V1 (0.42wt%C, 1wt%V)
Figure 5.10: Higher magnification AsB micrographs of 50% cold rolled Vanadium
steels showing (a) microscopic deformation bands on C09V04 (b) dense deformation
related defects in C42V1.
Figure 5.11: Energy accumulated due to 50% cold rolling of Vanadium steels, mea-
sured using XRD 2θ peaks at 45◦, 65◦ and 82.5◦.
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5.5 Discussion
Figure 5.12 summarises the stored energy results of samples quantified using X-ray
diffraction. Firstly, the stored energy of as-cast samples seems to depend on the α/γ
transformation conditions. Irrespective of solute type or their concentration levels or
their underlying microstructure, all as-cast samples apart from bainite have nearly
the same stored energy. Whereas, the low temperature transformation product,
bainite, exhibited almost 6 times more stored energy than all other as-cast samples.
On the other hand, the stored energy of 50% cold rolled samples appears to have a
complicated relation depending not only on the type of solute and their concentration
levels, but also on the dislocation density of initial as-cast microstructure. From
Fig.5.12b, it can be seen that the stored energy increase in the high dislocation
density bainite is much lower than the remainder of alloys.
(a)
(b)
Figure 5.12: Stored energy comparison in selected as-cast and 50% cold rolled
samples.
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5.5.1 Effect of V on deformation behaviour of Group I: Ultra-
low carbon steels
Microstructural examination and EBSD analysis of cold rolled C02 and C02V1
samples presented in Figures 5.1 and 5.3 showed no appreciable difference. Moreover,
stored energies before and after 50% cold rolling were nearly the same between the
samples with and without the presence of vanadium (Fig.5.13).
Figure 5.13: Effect of vanadium on stored energy accumulation in ULC steels.
Scholz [154] reported a stored energy value of 20.5 J/mol in 80% cold rolled ultra-high
purity iron and the stored energy of present C02 sample seems to be in reasonable
agreement with the published result. They also reported that addition of 150 ppm
niobium to ultra-high purity iron doubled the stored energy ( ∼46 J/mol) for the same
deformation. However, in the present case, addition of 1wt%V had no measurable
increase in stored energy. This discrepancy can be explained in terms of atomic misfit
of solute atoms. The atomic size difference between V and Fe is only 5%, whereas
it is 15% for Fe and Nb atoms [145]. It is likely that appreciable levels of stored
energy cannot be accumulated due to the small atomic size difference between V and
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Fe. Moreover, both C02 and C02V1 samples had a similar as-cast microstructure.
Consequently, the stored energy accumulated after 50% cold rolling were only twice
that of the as-cast condition, irrespective of the presence of vanadium in the sample.
5.5.2 Effect of C on deformation behaviour of Group II: Car-
bon steels
Different to ULC steels, Group II-Carbon steels (C09 and C46) showed a significant
increase in stored energy after 50% cold rolling. It is important to point out that
both the carbon steels had nearly the same stored energy in the as-cast condition.
Yet, 50% cold rolling resulted in substantial stored energy difference in between these
steels. Comparing present steels amongst previously discussed C02 alloy, it appears
as if the amount of retained energy due to cold rolling depends on the carbon content
in Fe-C binary alloys. Fig.5.14 compares the influence of carbon on the stored energy
in the as-cast and cold rolled conditions.
Figure 5.14: Effect of carbon on stored energy accumulation in Carbon steels.
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Carbon, an interstitial solute in steel, occupies octahedral sites and distorts the BCC
iron lattice in an anisotropic manner. Owing to this anisotropy, carbon atoms are
well known to segregate onto dislocations forming Cottrell atmospheres [155] and this
effect has been experientially observed and verified in steels of various compositions
using APT [68, 156]. As the carbon content in the sample increases from 0.02 to
0.09wt%C, it is likely that the number of dislocations retained within the cold rolled
sample also increases. In the case of pearlitic C46 steel, the carbon concentration
in the matrix is known to increase as the cementite dissolutes due to rolling strain
[157, 158]. This excess carbon can further stabilize the dislocations generated during
rolling. Therefore, it is reasonable to concluded that the observed stored energy
increase in C09 and C46 samples are mainly due to carbon present in solid solution
and its ability to interact with dislocations.
5.5.3 Effect of V and C on deformation behaviour of Group
III: Vanadium steels
From figures 5.9a and 5.5a a remarkable microstructural similarity between cold
rolled micro-alloyed C09V04 and low-carbon C09 samples can be seen. Both samples
have quasi-polygonal and Widmansta¨tten ferrite microstructure with simillar grain
size in as-cast condition. But X-ray measurements of 50% cold rolled samples showed
that despite the microstructural similarity, these samples had substantially different
stored energies. The amount of stored energy in C09V04 steel (∼30 J/mol) is nearly
twice that of C09 steel (∼19 J/mol). On a relative scale, C09 sample showed about
125% increase in stored energy, whereas C09V04 showed a 250% increase for the same
rolling strain (see Fig.5.12). The only difference between C09 and C09V04 alloys is
0.04wt% vanadium, and APT experiment in as-cast condition of C09V04 showed
that vanadium was present in solid solution. This suggests that vanadium in solid
solution is responsible for the increase in stored energy after cold rolling. Similar
to Cottrell atmosphere [159], it can be postulated that clustering of vanadium or,
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more likely vanadium and carbon atoms occurs at the dislocations that are generated
during cold rolling. Due to this effect the ease at which dislocation can move and
annihilate is reduced, consequently increasing the density of retained dislocations.
While the mechanism is still not obvious and needs experimental verification, it is
certain that the stored energy increase due to 50% cold rolling is far greater when
0.04wt% vanadium and 0.09wt%C are present together, rather than individually.
Of all the studied samples, C42V1 sample had the highest stored energy in the as-cast
condition. Upon cold rolling, this sample showed only 21% ( from ∼ 46 to ∼57 J/mol)
increase in stored energy, which is the lowest of all the studied alloys (Fig.5.12).
From TEM micrographs of as-cast bainitic C42V1 samples (section 4.2.2.2), it can
be seen that the dislocation density in this sample is much higher when compared to
any other microstructure studied in this thesis. As a result of this higher dislocation
density, only a small work hardening occurs in C42V1 sample.
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5.6 Summary and Conclusion
The deformation behaviour of strip cast alloys was studied using electron back scatter
diffraction, scanning electron microscopy and X-ray diffraction. It was shown that
the stored energy of 50% cold rolled strip cast samples highly depends on the initial
as-cast microstructure as well as on the concentrations of C and V. The following
conclusions were made:
Effect of Vanadium:
• Since the vanadium free C02 alloy and 1wt%V containing C02V1 alloy had
quasi polygonal ferrite microstructure in the as-cast condition, the stored energy
of these samples in as-cast state was found to be very similar (∼5 J/mol).
• Irrespective of the presence of vanadium, the microstructure and the stored
energy of 50% cold rolled ULC steels were similar (∼10 J/mol). Similar as-cast
microstructure and smaller atomic size difference between V and Fe is proposed
to be reason for this small increase in stored energy of 50% cold rolled C02V1
alloy.
Effect of Carbon:
• The stored energy of as-cast Fe-C binary alloys was found to be independent of
the as-cast microstructure and solute concentrations, all being approx.5 J/mol.
However, the stored energy of 50% cold rolled Fe-C binary alloys was shown to
linearly increase with the bulk carbon concentration.
• Despite the different as-cast microstructures in Fe-C binary alloys, the cold
rolled microstructure was highly heterogeneous. Deformation bands tend to
kink and break the lamellar cementite of pearlite.
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Effect of Carbon and Vanadium:
• In the as-cast condition, the low-carbon (C09) and the micro-alloy (C09V04)
samples had a similar microstructure and stored energy. However, after 50%
cold rolling the stored energy of micro-alloyed sample was twice that of low-
carbon steel. It is proposed that clustering of C and V increases the stored
energy during deformation, and inhibits dynamic recovery.
• The banitic C42V1 alloy showed the highest stored energy in the as-cast
condition (∼46 J/mol). The stored energy of this sample in as-cast condition
was found to be higher than the remainder of 50% cold rolled alloys.
• After deformation, the banitic C42V1 sample showed the lowest stored energy
increase, probably due to saturation of dislocations. However, relative to the
other alloys, this bainitic steel showed the highest stored energy (∼57 J/mol)
after cold rolling.
Chapter 6
Recrystallization
6.1 Introduction
In this chapter, the recrystallization kinetics of selected samples are studied by
annealing the 50% cold rolled steels at 650◦C. Results are organised in the same
manner as described in the deformation section (see Chapter 5).
Group I. Ultra-low carbon steels. To study the effect of 1%wt V at ultra-low
carbon (0.02wt%C) level.
Group II. Carbon steels. C09 and C46 steels were chosen to study the effect of
carbon in binary Fe-C system.
Group III. Vanadium steels. Micro-alloy C09V04 sample and a macro-alloy
C42V1 sample were chosen to study the effect of vanadium in the
presence of carbon.
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6.2 Group I: Ultra-low carbon steels
Annealing the cold rolled ultra-low carbon (ULC) steels, C02 (0.02wt%C) and
C02V1 (0.02wt%C, 1wt%V), at 650◦C led to formation of well-defined recrystallized
grains, which were free of sub-structure and dislocations. Micrographs showing the
progression of recrystallization in C02V1 are presented in Fig.6.1. The microstructure
observed during recrystallization of C02 were similar to the ones shown here and are
provided in the Apendix . As can be seen, nucleation of grains was random. The
recrystallized grains appeared to be slightly elongated in the rolling direction (RD).
Figure 6.1: SEM micrographs showing progression of recrsytallization in 50% cold
rolled C02V1 steel annealed at 650◦C for (a) 5.7x104 s (b) 8.6x104 s (c) 1.3x105 s
and (d) 1.7x105 s. The rolling direction is parallel to scale bar.
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A higher magnification micrograph of recrystallized C02V1, presented in Fig.6.2,
shows only the presence of sparsely dispersed oxide particles that were observed in
as-cast condition. Interestingly, despite the high vanadium content in C02V1, no
new vanadium precipitates were observed within the recrystallized grains.
Figure 6.2: Oxide particles in recrystallized C02V1 steel, annealed at 650◦C for
1.7x105 s.
The percentage of recrystallized microstructure is shown as function of annealing
time in Fig.6.3a. In the case of C02V1 sample, which had 1% vanadium, the
incubation time was longer compared to the vanadium free C02 steel. Time for 50%
recrystallization (t50) in C02 was shorter (t50 = 16445 s) compared to C02V1 sample
(t50 = 119650 s). Regardless of incubation and recrystallization time, the rate at
which recrystallization progressed was vastly different between the alloys. Complete
recrystallization did not occur within the experimented annealing duration.
As the recrystallization progressed, the average recrystallized grain size increased in
proportion to the recrystallized fraction. Due to substantial difference in annealing
times between the ULC steels, measured grain size is plotted in a log-log scale and
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shown in Fig.6.3b. It can be seen that the grain size increase was appreciable at
the beginning of recrystallization in C02, but appeared to reach a steady state size
towards the end. In the case of C02V1, a steady increase in grain size was observed
throughout recrystallization.
(a)
(b)
Figure 6.3: Progression of (a) recrystallization and (b) recrystallized grain size in
ULC steels
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6.3 Group II: Carbon Steels
A typical set of micrographs related to the progression of recrystallization observed
in C46 alloy is presented in Fig.6.4. The nucleation of recrystallized grains appeared
to be random and its distribution was inhomogeneous. Small recrystallized grains,
as well as large grains were observed. In spite of the difference in grain size, grains
boundaries of all grains were irregular in shape. A very similar microstructure was
observed in recrystallizing low-carbon C09 sample and their micrographs are given
in Appendix C.
Figure 6.4: Microstructure evolution during annealing of C46 (0.46wt%C) steel at
650◦C for (a) 2000 s, (b) 4000 s, (d) 5000 s, (e) 6500 s (f) 10000 s
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The recrystallized volume fraction, measured from micrographs, is plotted against
annealing time in Fig.6.5. From the figure it can be seen that the onset of recrys-
tallization in low-carbon C09 steel was rapid. Whereas, in high-carbon C46 steel,
incubation time was slightly longer, which lead to a delayed start in recrystallization.
Although the onset time for recrystallization of both the samples were within a few
minutes, the time for 50% recrystallization (t50), in C09 occurs much earlier (400
seconds) than C46 steel, whose t50 is around 2600 seconds. The addition of carbon
certainly accelerated the kinetics of recrystallization, when compared to previously
shown C02 steel.
Figure 6.5: Recrsytallization progression in Carbons steels annealed at 650◦C
As can be seen from the micrographs shown in Fig.6.4, the recrystallized grains were
elongated in the rolling direction. The grain size along the rolling direction was
nearly 3 times greater than the normal direction, and the aspect ratio remained
fairly constant during the progression of recrystallization. The measured average
“recrystallized grain size” plotted against annealing time is given in Fig.6.6. Due to
heterogeneous mixture of large and fine grains were observed within each recrystal-
lizing sample, a standard 5 µm error in grain size measurement was assumed. The
average grain size throughout the recrystallization is highlighted in the Fig.6.6. It
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can be seen that the grain size remains constant, this indicates nucleation of new
grains during recrystallization, in both C09 and C46 samples.
Figure 6.6: Progression of recrystallized grain size during the coarse of recrystalliza-
tion in Carbons steels
6.3.1 Precipitates in C09 and C46 alloys
In the as-cast and cold rolled conditions, the C46 alloy had cementite precipitates in
the form of pearlite colonies (Fig.4.16). Whereas, C09 steel had sparsely dispersed
cementite in as-cast condition (Fig.4.6). The maximum volume fraction of Fe3C
precipitates attainable for each alloy under equilibrium conditions is computed
from the cementite mass fraction obtained using Thermo-CalcTM. The density
of Fe matrix being 7.874 g/cm3 [160], the density of Fe3C is calculated based on
orthorhombic crystal structure consisting of 3 Fe atoms and 1 C atom unit cell with
lattice parameters a = 0.451 nm, b = 0.508 nm, c = 0.673 nm [161] which equates to
7.730 g/cm3. The calculated equilibrium volume fraction of precipitates as function
of temperature is given in Fig.6.7 and the present annealing temperature is also
highlighted.
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Figure 6.7: Volume fraction cementite precipitates under equilibrium conditions
The Thermo-Calc predicted equilibrium volume fraction may not always be attainable
within the experimented recrystallization time. Not only the volume of precipitates,
its formation kinetics as well as location also influences the recrystallization kinetics.
For example, precipitation concurrently taking place during recovery in the sub-grain
boundaries influences the dislocation mobility, by virtue prolongs the incubation
duration.
Closer examination of low-carbon steel at its early stages of recrystallization indicated
that precipitates were concentrated near the vicinity of grain boundaries Fig.6.39.
Whereas in the un-recrystallized regions (Fig.6.8b), precipitate were not evident
and thus deemed precipitate free. Cells inside few micro bands appeared to be
polygonized due to static recovery. Contrary to C09 steel, fine precipitates were
observed in the un-recrystallized regions of C46 pearlitic steel as shown in Fig.6.9.
Spheroidisation of cementite occurs in the un-recrystallized region well before the
onset of recrystallization.
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(a)
(b)
Figure 6.8: (a) Precipitates in recrystallized grains (b) precipitate free un-
recrystallized region of C09 (0.09wt%C) sample annealed at 650◦C for 100 seconds.
Figure 6.9: Spheroidisation of pearlite in un-recrystallized regions of C46 (0.46wt%C)
sample annealed at 650◦C for 3333 seconds.
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In both carbon steels, during the final stages of recrystallization, precipitates were
in-homogeneously distributed along the rolling direction of ferrite matrix. Typical
precipitate morphology in a fully recrystallised low-carbon (C09) steel and high-
carbon (C46) steel are shown in Fig.6.10. The difference in precipitate volume
between carbon steels is evident from these figures. Typical chemical composition
analysis of precipitate using TEM-EDS is shown in Figure 6.11, reveal that the
precipitates were rich in carbon. The striations in Fe is possibly due to the thickness
variation in the sample. Only large carbides could successfully be chemically mapped.
(a) C09 (0.09wt%C)
(b) C46 (0.46wt%C)
Figure 6.10: Cementite precipitates in fully recrystallized Carbon steels
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Figure 6.11: TEM EDS analysis showing carbon rich cementite precipitates.
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To obtain a statistically significant number, the particle size was measured from SEM
micrographs. Though TEM images were not used to quantitatively measure the size
of the particles due to image processing difficulty, qualitatively observed precipitate
size from TEM images were used to validate the obtained results. The measured
particle sizes of carbon steels are presented as histogram in Fig.6.12. The volume
fraction of the precipitates measured by spatial analysis on SEM micrographs and
the mean diameters are presented in the Table 6.1.
(a) (b)
Figure 6.12: Distribution of precipitates observed in (a) C09 annealed for 1000
seconds (b) C46 steel annealed for 10000 seconds at 650◦C
Alloy Diameter Experiment Equilibrium
C09 – 1000 seconds 141 ± 1.5 (nm) 0.008 0.02
C46– 10000 seconds 166 ± 1.6 (nm) 0.046 0.07
Table 6.1: Volume fractions and mean diameters precipitate observed in carbon steels
annealed at 650◦C
The histogram clearly shows a log-normal distribution of precipitates with diameters
extending from 50 nm to 500 nm. Interestingly, despite the difference in volume
fraction, the precipitate size were not so different in-between the carbon steels.
Comparing the experimentally measured volume fraction to that of Thermo-Calc, it
is clear that equilibrium volume fraction is an overestimate for current processing
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conditions. The experimentally measured cementite volume fraction is nearly 1.5
times less than the equilibrium fraction.
6.4 Group III: Vanadium Steels
Typical microstructure of the micro-alloyed C09V04 (0.09wt%C, 0.04wt%V) and
the macro-alloyed C42V1 (0.42wt%C, 1wt%V) alloys, annealed at 650◦C for 10000
seconds is shown in Fig.6.13. Additional SEM micrographs showing the progression
of recrystallization are provided in Appendix C. Inhomogeneous distribution of
grain size and irregular shape grain boundaries were observed towards the end of
recrystallization in both vanadium steels.
(a) C09V04 (0.09wt%C, 0.04wt%V) (b) C42V1 (0.42wt%C, 1wt%V)
Figure 6.13: Typical morphology of recrystallized grains in Vanadium steels annealed
for 10000 seconds at 650◦C
The recrystallized volume fraction plotted against annealing time is shown in Fig.6.14.
Compared to previously discussed carbon steels, both vanadium alloyed steels dis-
played a delayed start in recrystallization. C09V04 steel had an early onset of
recrystallization compared to C42V1 steel. Nucleation sites of recrystallizing grains
were random in both these steels. In spite of early start of recrystallization in
C09V04 steel, as the recrystallization progressed, the rate of recrystallization slowed
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down resulting in lower recrystallized fraction than C42V1 steel at 10000 seconds.
Complete recrystallization did not occur even after 10,000 seconds in both the steels.
It is interesting to point out that addition of 0.04wt% V to low-carbon C09 steel,
despite increasing the stored energy, delayed the nucleation. On contrary, addition
of 0.42wt%C to C02V1 steel increased the stored energy, shortened the incubation
time and accelerated the recrystallization kinetics.
Figure 6.14: Progression of recrystallization in Vanadium steel group.
During the progression of recrystallization the average grain size of both vanadium
steels size remained constant. The average recrystallized grain size is shown as
function of annealing time in Fig.6.15. The grains were relatively fine compared to
previously discussed steels. The grain size of C09V04 steel remained ∼5 µm during
the course of recrystallization. The recrystallized grain size of C42V1 samples were
∼2 µm, which is significantly smaller than other alloys studied in this thesis.
Similar to previously described Carbon steels, precipitates were observed during
the course of recrystallization in present vanadium steels. Unlike carbon steels, the
precipitate morphology and size were very different in between the two alloys in
vanadium steel group.
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Figure 6.15: Progression of recrystallized grain size during the coarse of recrystalliza-
tion in Vanadium steel group.
6.4.1 Precipitates in micro-alloy C09V04
Figure 6.16 shows a typical example of precipitates observed in the recrystallized
grains of low-vanadium containing C09V04 (C0.09wt%, V0.04wt%) steel annealed at
650◦C for 10000 seconds. Nearly spherical, randomly distributed precipitates can
be seen inside the grains as well as in the grain boundaries. TEM-EDS (Fig.6.17)
examination revealed that the precipitates were carbon rich (cementite) similar to
that of carbon steels. Moreover, these cementite appear to precipitate alongside the
fine Mn rich precipitates. It is likely that the Mn rich precipitates observed in as-cast
condition are insoluble during annealing at 650◦C , thereby acting as a heterogeneous
sites for carbon to precipitate. Nevertheless, no precipitation or co-segregation of
vanadium seem to occur in the analyzed precipitates.
The size of the cementite precipitates in present steel after annealing for 10000 seconds
at 650◦C extended from 50 nm to 450 nm. The distribution and the morphology were
very similar to that of the precipitates observed in low-carbon C09 steel. Whereas,
the size of precipitates in C09V04 steels were slightly bigger due to ripening of
precipitates as the annealing time was longer. The measured precipitate volume
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fraction and mean diameter are presented in Table 6.2.
(a) SEM micrograph (b) TEM bright field micrograph
Figure 6.16: Micrographs showing the typical morphology of precipitates in C09V04
sample annealed for 10000 seconds.
Alloy Precipitate Mean diameter (nm) Volume fraction
C09V04 - 10000s
Cementite 211±1.51 0.01
Vanadium - -
Table 6.2: Size and volume fraction of precipitates in recrystallized C09V04 sample
There are three important features observed in the present C09V04 sample that are
different to low-carbon C09 sample:
• Firstly, the grain size of recrystallized samples are much finer than the vanadium
free C09 sample.
• Secondly, the recrystallization kinetics are delayed in present ternary alloy.
• Finally, vanadium rich precipitates could not be observed in conventional TEM.
Since the location of the vanadium could not be identified using SEM or TEM, APT
analysis was carried out to examine the distribution of vanadium.
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Figure 6.17: TEM-EDS examination shows that the precipitates in Fig.6.16b are
carbon rich cementite. No segregation of V could be found.
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6.4.1.1 Atom probe tomography of C09V04
APT analysis was carried out on C09V04 sample annealed at 650◦C for 10000
s and the distribution of selected solute atoms along with their respective 2D
concentration maps are presented in Fig.6.18. The 2D concentration projection
measurement is analogues to sampling the data for composition by taking a volume
of 120nm(Zdirection)× ∼ 120nm(Xdirection) × 0.5nm(Y direction) volume and
moving it thorough the sample at a step size of 0.5nm. As can be seen, the
distribution of carbon in the captured dataset volume is highly in-homogeneous.
From the distribution of carbon, it appears as if carbon has preferentially segregated
along the surface and along a line in the middle section of specimen. The 2D
projection of carbon concentration (Fig.6.18b) measures a carbon variation between
0.4 to 0.6 at% in these regions. Higher concentration on the surface could be due to
preferential field evaporation and retention nature of carbon atoms during probing
[127] [162]. Reports on carbon segregation to defects such as grain boundaries and
dislocations have demonstrated that segregation of carbon occurring in the middle
section of APT specimen is in fact a physical phenomenon occurring within the
sample and less of trajectory aberration or preferential retention [156].
Elemental maps of other solutes clearly show the presence of individual clusters.
The maximum elemental concentration reached by the clusters in present sample is
only about 1.6 at% by VN ions, closely followed by carbon, nitrogen and vanadium.
This clearly shows that a substantial amount of iron atoms are still present within
the clusters, which implies that these clusters may have not reached its equilibrium
stoichiometry levels.
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(a) (b)
(c) (d)
(e) (f)
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(g) (h)
(i) (j)
(k) (l)
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(m) (n)
Figure 6.18: APT maps showing the elemental distribution and 2D concentration
projection of selected solutes in C09V04 after 10000 s annealing at 650◦C. Element
and concentration level details are provided in the colorbar scales shown in right side
figures. Dataset volume is ∼120 nm x 120 nm x 120 nm (55× 106 ions).
Visually inspecting the 3D dataset by rotating at various angles, it seems that
clustering of V, N, VN and Cr ions are preferential, whereas Mn and S atoms cluster
separately. To identify the core composition of different V rich clusters and Mn rich
rich clusters, proxigram analysis carried out by creating iso-concentration surface of
V and Mn separately as shown in Fig.6.19.
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(a) V-rich clusters (0.5%V isoconcentration) (b) MnS clusters (1%Mn isoconcentration)
(c) Proxigram of V-rich clusters (d) Proxigram of MnS clusters
Figure 6.19: Iso-concentration and proxigram analysis of clusters in C09V04 annealed
for 10000 seconds at 650◦C
To obtain a quantitative cluster size and composition, a maximum separation clus-
tering analysis was performed. Carbon and vanadium, which is of main interest to
this thesis, along with chromium and nitrogen were chosen for clustering analysis.
Since the present alloy has MnS clusters in the as-cast and annealed conditions, they
were also chosen for clustering analysis.
From the 5NN distributions of the mentioned atoms (Fig.6.20), a clear deviation from
randomness can be seen due to clustering. Nmin and dmax were chosen according to
the procedure outline in section 3.4.5.1.
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(a) (b)
(c) (d)
Figure 6.20: Normalized 5NN frequency distributions showing dmax and cluster count
distribution along with the chosen Nmin used in subsequent ’Maximum separation’
clustering calculations
3D reconstruction, shown in figures 6.21 and 6.22, highlights the positions of clustered
atoms that are neatly isolated from the matrix and validates the choice of dmax and
Nmin used here. The number of atoms in each cluster was found to vary from 6
atoms upto 5537 atoms. Figures 6.24 and 6.23 highlights the composition of clusters
and their size calculated using the number of atoms in each cluster. The average
radius of V rich and MnS clusters were found to be 0.409±0.18 nm and 0.49±0.38 nm
respectively. The calculated number density, volume fraction and number of clusters
in different size range are given in table 6.3. Interestingly, the number density and
size distribution of MnS cluster in the recrystallized condition is very similar to that
of as-cast condition, suggesting a minimal change during the coarse of annealing.
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Figure 6.21: Interactive 3D reconstruction of V-rich clusters. ( Red = V, VN ions, Blue = Cr ions, Green =
N ions, Black = C ions)
Chapter 6. Recrystallization 212
Figure 6.22: Interactive 3D reconstruction of MnS clusters. (Red = S ions, Yellow = Mn ions)
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V - Clusters Mn - Clusters
Number Density 8.31 ∗ 1024 9.18 ∗ 1023
Volume Fraction 0.0008 0.0002
Size of cluster (atoms) Count Count
6-10 1561 94
10-20 278 6
20-30 34 -
30-40 14 1
40-50 17 -
50-100 30 8
100-250 35 8
250-500 12 1
500-1000 2 1
1000-2000 2 1
2000-10000 4 2
Table 6.3: Estimated number density and size distribution of clusters in recrystallized
C09V04 (0.09wt%C, 0.04wt%V) alloy.
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(a)
(b)
Figure 6.23: Composition of V-rich clusters vs (a) cluster size and (b) cluster radius
in recrystallized C09V04 alloy.
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(a)
(b)
Figure 6.24: Composition of MnS clusters vs (a) cluster size and (b) cluster radius
in recrystallized C09V04 alloy.
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6.4.2 Precipitates in macro-alloy C42V1
Contrary to micro-alloyed steel, two different types of precipitates were readily
observed in SEM micrographs of macro-alloyed C42V1 steel (Fig.6.25a). The distri-
bution of fine precipitates (red arrow) ranged from ∼5 to 25 nanometers, whereas
the large precipitates (white arrow) extended from 100 to 500 nanometres. It should
be noted that the present sample, before rolling and annealing, had bainitic mi-
crostructure with dense Fe3C precipitates dispersed equally through out the sample
and nearly all vanadium was present in solid solution.
TEM micrograph shown in Fig.6.25b corroborates the SEM observation of two
different size precipitate population. Similar to C09V04 sample, the large precipitates
were found to be cementite. EDS examination of smaller precipitates was not
successful. Therefore, APT analysis was carried out to identify the chemical identity
of smaller size range precipitates (Sec.6.4.2.1).
In order obtain a statistically significant precipitate size, measurements were made
using SEM micrographs and presented as a histogram in Fig.6.26. This number is
validated against the size of precipitates measured using TEM micrographs. However,
keeping the resolution limits of both these instruments, it is likely that particles of
size smaller than the observed 5 nm could exist. The measured mean diameters of
precipitates are presented in Table 6.4, along with respective volume fractions.
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(a) Secondary electron SEM micrograph
(b) TEM micrograph
Figure 6.25: Typical morphology of precipitate observed in recrystallized grains of
C42V1 (0.42wt%C, 1wt%V) steel annealed at 650◦C for 10000 seconds.
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Figure 6.26: Distribution of precipitates observed in recrsytallized grains of C42V1
steel annealed at 650◦C for 10000 seconds.
Alloy Precipitate Mean diameter (nm) Volume fraction
C42V1 - 10000s
Cementite 208±1.48 0.035
Vanadium Carbide 9.3±1.45 0.015
Table 6.4: Precipitates in C42V1 sample which was 50% CR, annealed at 650◦ for
10000 seconds.
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6.4.2.1 Atom probe tomography of C42V1
Figure 6.27 shows projection of tomographic distribution of carbon and vanadium
elements along with 2D concentration profiles. Clear segregation of carbon and vana-
dium can be seen, whereas the remainder of elements appeared to be homogeneously
distributed. Projections shown here are normal to the field evaporation direction ie
Z direction.
(a) Carbon (b)
(c) Vanadium (d)
Figure 6.27: Distribution of Carbon and Vanadium atoms C42V1 (0.42wt%C, 1wt%V)
sample annealed at 650◦C for 10000 seconds. Dataset volume is approx. 150×150×40
nm (∼12 million ions). Figures in the right are 2D compositional projection and
those in the left are the positions of captured atoms.
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Figures 6.28a and 6.28b show two different orientations of 3% V iso-concentration sur-
face created using 1nm voxel size. Proxigram analysis results presented in Fig.6.28c,
shows that the composition of 5 nm precipitates observed in SEM and TEM micro-
graph are chiefly rich in Vanadium and Carbon. Remainder of the alloying elements
were homogeneous within the precipitate and in the matrix.
(a)
(b)
(c)
Figure 6.28: (a) and (b) 3% iso-concentration V, (c) proxigram analysis results
showing the composition within the highlighted iso-concentration surface of C42V1
sample annealed for 10000 seconds at 650◦C
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6.5 Discussion
6.5.1 Effect of V on recrystallization behaviour of Group I:
Ultra-low carbon steels
The stored energy of C02 (0.02wt%C, 0wt%V) and vanadium alloyed C02V1 (0.02wt%C,
1wt%V), collectively called Group I - Ultra-low carbon (ULC) steels, did not show any
measurable difference. Despite the similarity in stored energy, the recrystallization
kinetics were different in-between C02 and C02V1 steels. Generally, the kinetics of
thermally activated recrystallization process can be described by the JMAK equation,
which is of Arrhenius form.
Xv = 1− exp(−ktn) (6.1)
Where, Xv is the recrystallized volume fraction and k, n are constants. The ex-
perimentally measured volume fraction fitted to the JMAK equation is shown in
Fig.6.29b. As can be seen, the JMAK equation and the experimental data fits
reasonably well. Time for 50% recrystallization (t50), calculated from JMAK model,
measures about 16500 s and 120000 s for C02 and C02V1 steels respectively. Clearly,
addition of 1wt%V delays the kinetics nearly by an order of magnitude.
Although addition of 1wt%V did not show any significant effect during phase trans-
formation, its influence is more pronounced during recrystallization. The delay
in recrystallization can be due to solutes affecting recovery process [56], thereby
delaying the nucleation of new grains and/or solute segregation retarding the growth
of recrystallized grains [163]. Since JMAK model is based on nucleation and grain
growth, it can be integrated further to gain insights about recrystallizing grains and
its growth characteristics.
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(a) JMAK analysis
(b) JMAK model fitted to experimental data points
Figure 6.29: Recrystallization kinetics of ULC steels isothermally annealed at 650◦C
Sophisticated mathematical methods, such as Microstructural path method (MPM)
[164], have been developed to determine the nucleation and the growth rates from
experimentally measured quantitative microstructural information. In this method,
interfacial area per unit volume (Sv) between the recrystallized and un-recrystallized
material is related to the volume fraction (Xv) by
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Sv = C1 ∗ (1−Xv) ∗
[
ln
1
(1−Xv)
]q
(6.2)
Where C1 and q are constants.
The length of the randomly drawn line (L) and the number of intersections (n)
between recrystallized and deformed material is used to calculate Sv = 2n/L. The
calculated Sv are plotted against the recrystallized volume fraction in shown in
Fig.6.30. Characteristic shape of Sv vs. Xv curves are observed. In the early stage of
recrystallization Sv increases as the volume of recrystallized material increases, as the
new grains form and grow. During the later stages, the Sv decreases as impingement
of grains occurs.
Figure 6.30: Interfacial area of migrating interface (Sv) as function of fraction
recrystallized (Xv).
Vandermeer and Rath [164] showed that the limiting values for q in Equation 6.2
would fall between 0.66 and 1 (i.e., 2/3 ≤ q ≤ 1). For a site saturation condition,
where all the nuclei are active at the start of recrystallization, the parameter q will
be close to 0.66. Whereas, for continuous nucleation q would approach 1. Taking
logarithm on both the sides of Equation 6.2 and from the slope of linear regression
line fit, q can be determined as shown in Fig.6.31. From plot of ln[Sv/(1 − Xv)]
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against ln[ln(1/(1−Xv)], the determined q values were 0.69 and 0.65 for C02 and
C02V1 respectively. The values of q being close to the site-saturation criteria value
implies that all nuclei were active at the beginning of recrystallization.
Figure 6.31: Microstructural path method (MPM) analysis of ULC steels.
Assuming all site saturated grains grow at the same rate as the recrystallization
progresses, the overall grain growth velocity can determined by using Chan-Hagel
equation. This method was first suggested by Chan and Hagel for pearlite formation
from austenite decomposition in steel. They showed that overall recrystallization
rate dXv
dt
and average interface velocity of growing grains (G) are related by the
Equation 6.3.
dXv
dt
= G ∗ Sv (6.3)
The time derivative of Xv can be determined from the JMAK relation given in
Equation 6.1. From experientially measured Sv values (Fig.6.30) and from dXvdt , the
calculated growth rates are shown in Fig.6.32 as a function of recrystallization time.
Clearly, the growth rate decreases parabolically with time for both the steels, and this
decrease in growth rate during recrystallization has been reported in many literature
[164] [165] [166]. The measured growth exponent values are 0.79 is within the range
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found in literature.
Figure 6.32: Time dependency of growth rates (G) calculated using Chan-Hagel
equation. The best fit line, G = 1.06× t−0.79 is also indicated.
It is interesting to point out that the recrystallization durations were significantly
different but the overall growth rate (G) were very similar. Since the interface
velocity, ie the growth rate (G), depends on the intrinsic GB mobility (M) and the
driving force (P ).
G = M ∗ P (6.4)
Where M , is the mobility of the migrating grain boundary and P is the driving force
for recrystallization which is the stored energy [65]. The difference in the migration
rate can be a result of either decreased mobility due to V segregation or decreased
driving pressure due to recovery. Since, the cold rolled microstructures and stored
energies between C02 and C02V1 steels were the same, this would result in similar
driving force during the initial stages of annealing.
On the other hand the mobility term can be affected by solute segregation to moving
boundaries. In the case of C02V1, the amount of V segregating to grain boundaries
can be found using segregation isotherms. The atomic radii and elastic property
Chapter 6. Recrystallization 226
values of Fe and V used in the calculation are given in 4.9. Uing S-H isotherm
(equation 4.3), the calculated grain boundary concentration of V as a function of
temperature is shown in Fig.6.33. The annealing temperature, 650◦C is marked in a
dashed vertical line.
Figure 6.33: Equilibrium V grain boundary excess calculated using Seah-Hondros
isotherm. Annealing temperature 923K (650◦C) is marked in dashed vertical line
Above 650◦C, less than 0.3 Vanadium atoms segregate per nm2 of grain boundary.
Recently, Maruyama[163] conducted atom probe measurements on partially recrystal-
lized grains of Nb and Mo alloyed steels. During annealing at 800◦C, the interfacial
excess was reported to be 0.97 Nb atoms/nm2 for Nb steel and 0.61 Mo atoms/nm2
for Mo steel. The predicted Vanadium interfacial excess at 650◦C is significantly
lower when compared to the reported Nb and Mo segregation. For such a low number
of V atoms segregating to grain boundaries, the mobility term M in Equ.6.4 will
virtually be unaffected. As a result, despite the high solute content in C02V1 steel,
the recrystallizing grain growth rate was similar to that of C02 steel.
Re-plotting the average grain during recrystallization against its respective volume
fraction recrystallized (Fig.6.34) shows that the change in the grain size during
recrystallization were similar for both C02 and C02V1 steels. This indicates that
solute drag, even if present was ineffective in controlling or altering the grain
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growth kinetics. If solute drag is active, then the grain size during progression
of recrystallization would be different in-between the current alloys. This clearly
support the notion that Vanadium alone is very ineffective in changing the grain
boundary migration due to solute segregation. Therefore, it is likely that V in solid
solution retards the recrystallization kinetics of strip cast ultra-low carbon steels
mainly by retarding the recovery process.
Figure 6.34: Evolution of recrystallized grain size as function of recrystallization
volume fraction in Group I: Ultra-low carbon steels.
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6.5.2 Effect of C on recrystallization behaviour of Group II:
Carbon steels
JMAK equation fitted to the measured recrystallized fraction of Group II Carbon
steels, presented in Fig.6.35, show that low-carbon C09 (0.09wt%C) recrystallises
faster (t50 = 400 s) compared to high-carbon C46 (t50 = 2777 s). For comparison
purpose, recrystallization kinetics of previously discussed C02 (0.02wt%C) sample is
also shown.
As can be seen from Fig.6.35b, the increased concentration of carbon in C09
(0.09wt%C) steel accelerated its kinetics of recrystallization when compared to
C02. In the case of 50% cold-rolled C09 (18 J/mol) steel, its stored energy is higher
than 50% cold-rolled C02 (11 J/mol). As a result, the recrystallization kinetics of
C09 is faster than C02. However, this effect of carbon concentration on t50 was not
linear. The stored energy of C46 (0.46wt%C) sample measures about 30 J/mol,
which is significantly more than the stored energy of C09 or C02, and therefore C46
has high driving force for recrystallization. Despite the higher stored energy, the
recrystallization kinetics of C46 was slower that of C09.
Interestingly, despite the substantial difference in incubation time and volume fraction
of precipitates, the calculated JMAK exponent(n) (see Fig.6.35a) for both the carbon
steels were very similar: 1.3 and 1.2 for C09 and C46 respectively. Moreover, different
to the previously discussed ULC steels, no measurable change in the grain size
was observed during the course of recrystallization in C09 and C46 samples. This
indicates that rather than growth of existing site-saturated grains, nucleation of new
grains occurs throughout recrystallization.
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(a) JMAK analysis
(b) JMAK model fitted to experimental data points
Figure 6.35: Recrystallization kinetics of Carbon steels isothermally annealed at
650◦C.
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Nucleation rate/grain formation rate (N˙) at a time (τ) can be represented by power
law function [165]
N˙ = N × τ (δ−1) (6.5)
Vandemer and Rath [165] also presented that the values of δ would always be ≥ 0.
In case of δ = 0, this situation corresponds to site saturated nucleation. Whereas,
for constant nucleation rate δ = 1 and increasing nucleation rate would result in
δ > 1. It is important to stress that δ does not correspond the actual nucleation
rate, rather clues about the type of nucleation rate can be inferred. For grains which
retain the shape during recrystallization, the value of δ = 3m − 2n. Where m is
calculated using the Equation 6.6
Sv = C2 ∗ (1−Xv) ∗ tm (6.6)
The value of m is determined from the slope of linear regression line by plotting
Sv/[1−Xv] against recrystallization time in a log-log scale as shown in Fig.6.36b. n
is the JMAK exponent which is calculated from JMAK plots. The calculated m, n
and δ values are provided in Table 6.5
C09 C46
m - value 1.32 1.22
n - value 1.3 1.22
δ = 3m− 2n ∼1.3 ∼1.2
Table 6.5: JMAK exponents (n) and MPM values (m) determined from Equations
6.1 and 6.6.
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(a)
(b)
Figure 6.36: (a) Interfacial area of migrating interface (Sv) as function of fraction
recrystallized (Xv). (b) Microstructural path method (MPM) analysis of Carbon
steels annealed at 650◦C.
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The δ-values indicates that nucleation of new grains progressively occurs during
recrystallization, which endorses the observed constant grains size during recrystal-
lization of both C09 and C46 steels. Interestingly, despite the significant difference
in carbon concentration, the nucleation rate were the same.
In support of the present nucleation prolific results, the recrystallization behaviour
of twin roll strip cast low-carbon steel is shown to have a constant grain density,
while the grain density of various other microstrucutres decreases during recrystal-
lization progression (Fig.6.37 [167] [59]). From this constant grain density during
the progression of recrystallization, it can be inferred that substantial nucleation of
new grain occurs mainly in strip cast samples.
Figure 6.37: Nucleation prolific recrystallization observed in strip cast low-carbon
steel compared with other microstructures of similar composition. PF = polygonal
ferrite, AF = Acicular ferrite, SC = Strip cast steel. [167].
The nucleation prolific constant grain size occurrence is likely to be due to Zener
pinning by cementite and MnS precipitates. In addition, it was shown in section
6.3.1 that the experimental cementite volume fraction is 1.5 times lower than the
equilibrium cementite fraction. Since the maximum solubility of carbon in polygonal
ferrite is only 0.02wt%, it is highly likely that some fraction of carbon remains
segregated along the grain boundaries.
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Firstly, we consider carbon grain boundary segregation effect. The reduction in the
grain boundary energy due to solute segregation can be calculated using equation
6.7 [90]
γ = γ0 − Γi
(
RT ln
(
ns
Ns
)
+ ∆Hseg
)
(6.7)
Where, γ0 and γ are grain boundary energy before and after solute segregation,
∆Hseg is the enthalpy of segregation ( ≡ ∆Gseg), ns is the number of solute atoms
inside the grains and Ns is the number of lattice sites.
The grain boundary energy of pure Fe (γ0) is taken as 0.79 J/m2 [79], which is
derived from the surface energy measurements at 1450◦C in δ-ferrite. By substituting
the carbon interfacial excess ( Γi) into Equation 6.7, the calculated grain boundary
energy after solute segregation in ultra-low carbon C02, low-carbon C09 and high
carbon C46 steels are plotted against temperature and presented in Fig.6.38. The
annealing temperature 650◦C (923K) is also marked in dashed vertical line.
Figure 6.38: Reduction in GB energy due to segregation of carbon. Calculations
were carried out using equation 6.7. Annealing temperature 923K (650◦C) is marked
in dashed vertical line
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From the above figure it can be seen that at the annealing temperature the segregation
had little effect on the grain boundary energy of C02 alloy, which showed grain
coarsening during recrystallization. Whereas, the grain boundary energy of C09
and C46 steels are substantially reduced due to carbon segregation. This reduction
in grain boundary energy is likely to have some contribution in the retarded grain
growth observed in C09 and C46 alloys.
Secondly, we consider the effect of cementite precipitates during recrystallization.
Preferential precipitation of cementite were observed at the grain boundaries, such
as the one shown in Fig.6.39. Once precipitation has occurred, the newly formed
precipitate may exert pinning force on the boundaries of subsequently growing grains.
Figure 6.39: Typical example of precipitation occurring at grain boundaries in 50%
cold rolled C09 (0.09wt%C) annealed at 650◦C for 100 seconds.
Zener equation (Equation 6.8) can provide an estimate on the magnitude of pining
force exerted by the precipitates on the grain boundaries [56]. As recrystallization
phenomena involves movement of HAGBs, it is reasonable to assume the grain bound-
ary energy as a constant and a value of 0.56 J/m2 [168] is used. The particles were
measured as two dimensional sections on the sample surface, which underestimates
the particle size. Hence, the particle pinning pressure in recrystallized samples were
calculated based on their spherical precipitate radius, estimated from the circular
precipitates, and summarized in Table 6.6.
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3D Particle diameter Volume fraction Zener Pinning force
(nm) (MPa)
C09 Cementite=181 0.015 0.1364
C46 Cementite=207 0.046 0.3655
Table 6.6: Pinning force exerted by cementite precipitates on grain boundaries of
recrystallized Group II Carbon steels.
According to Zener’s proposal, the critical maximum grain radius (Zener radius)
that can be achieved in presence of randomly dispersed precipitates is given by the
Equation 6.8 [61]
Rc =
4r
3fv
(6.8)
An approximate estimate of precipitate influence on grain size can be gained using
the above relation. Supposedly the grain size of the alloys in which precipitates are
observed are controlled by the precipitates, substituting the experimentally measured
volume fractions and particle radii yields a grain size of ∼16 µm and ∼7 µm for C09
and C46 steels respectively. Zener grain size and the measured mean grain size of 25
µm being reasonably close shows that the cementite precipitates has an influence on
the growth of recrystallizing grains.
Apart from cementite, SEM micrographs of as-cast C09 and C46 samples clearly
showed the presence of other complex particle species. Moreover, APT analysis of
as-cast C09 steel, presented in section 4.2.1.2, revealed the presence of nanometre
size MnS rich clusters. Both these steels showed nucleation prolific recrystallization
with a constant grain size. However, grain growth was observed in ultra-low carbon
C02 sample but not in C09 or C46 sample. Since sulphur and manganese levels were
the same for all alloys, MnS clusters are likely to be present in all strip cast samples
studied here. The contribution of these MnS clusters on grain boundary mobility
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during recrystallization is expected to be same for all alloys, and therefore they are
unlikely to have a contribution on nucleation controlled recrystallization behaviour
in C09 and C46 samples.
The influence of carbon on recrystallization behaviour of strip cast steels can be
summarized as follows: Addition of carbon accelerated the recrystallization kinetics
but the kinetic behaviour is not proportional to the amount of carbon. The spheroidi-
sation of pearlite in C46 sample retards the recrystallization kinetics. Growth limited
recrystallization and a constant 25 µm grain size were observed in strip cast C09
and C46 steels, both of which contain appreciable levels of carbon. It is proposed
that the grain growth retardation during recrystallization of strip cast carbon steels
are due to a combined effect of grain boundary segregation of carbon and due to
pinning of grain boundaries by cementite precipitates.
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6.5.3 Effect of V and C on recrystallization behaviour of
Group III: Vanadium steels
The results of recrystallization kinetics and grain size evolution of Group III Vanadium
steels, C09V04 (0.09wt%C, 0.04wt%V) and C42V1 (0.42wt%, 1wt%), were presented
in section 6.4. Both these steels have appreciable levels of carbon and vanadium and
the main points of interest observed in these ternary Fe-C-V alloy system are:
• During the coarse of recrystallization, both C09V04 and C42V1 ternary alloys
showed a constant grain size of 6 µm and 2 µm respectively.
• Despite the highest stored measured in C42V1, this sample showed delayed
nucleation of recrystallizing grain when compared to C09V04.
• Towards the end of recrystallization, C09V04 sample had cementite precipitates
that were visible in SEM as well as very fine V rich clusters that could be
captured only using APT. Whereas, C42V1 sample had cementite and VC
precipitates that were distinctively visible in SEM micrographs.
JMAK equation fitted to the measured recrystallized fraction, given in the Figure
6.40, shows that C09V04 sample recrystallizes faster (t50 = 3500 s) compared to
C42V1 (t50 = ∼5500 s). To emphasise the difference in recrystallization times and for
comparison purpose, the fast recrystallizing low-carbon C09 and the slowest C02V1
are also shown in Fig.6.40b.
The JMAK exponent (n), calculated from the slopes of lines shown in Fig.6.40a,
measures about 1.47 for C09V04, which is similar to Carbon steel group. On the
other hand, C42V1 measures relatively higher value of 2.3 (table 6.7). Similar to
the previously discussed carbon steels, no measureable change in the grain size was
observed during recrystallization (see section 6.4 Fig.6.15).
It is interesting to point out the significant difference in recrystallization kinetics
between C09V04 and C42V1 alloys. From Fig.6.40b it can be seen that C42V1 sample
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has a longer incubation time leading to delayed start in recrystallization. However,
complete recrystallization in both these samples occurs at the same time. Grain size
measurements indicate that progressive nucleation occurs during recrystallization.
Therefore, the rate at which grains nucleate in C42V1 sample must be higher than
C09V04. Vital clues about the nucleation rate in each of vanadium steels can be
obtained from numerical values of δ using the Equation 6.5, m from equation 6.6
and from the slopes of lines shown in Fig.6.41. The calculated m, n and δ values are
provided in Table 6.7.
C09V04 C42V1
m - value 1.53 2.56
n - value 1.47 2.38
δ = 3m− 2n ∼1.6 ∼3
Table 6.7: JMAK exponents(n) and MPM values (m) determined from Equations
6.1 and 6.6.
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(a) JMAK analysis
(b) JMAK model fitted to experimental data points
Figure 6.40: Recrystallization kinetics of Vanadium steels isothermally annealed at
650◦C
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(a)
(b)
Figure 6.41: (a) Interfacial area of migrating interface (Sv) as function of fraction
recrystallised (Xv). (b) Microstructural path method (MPM) analysis of Vanadium
steels annealed at 650◦C.
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The calculated δ values being greater than 1, indicate an increasing nucleation rate in
both vanadium steels [165]. Low-vanadium containing C09V04 samples’ nucleation
rate is slightly higher than both the carbons steels, whereas δ value of high-vanadium
containing C42V1 steel shows a significantly increased nucleation rate. Vanadium
addition certainly increases the nucleation rate, probably due to increased stored
energy.
It should be stressed that the δ value serves as an indication of nucleation rate and
actual information regarding the nucleation rate has to be measured by counting the
number of nucleating grains. However, finding the actual nucleation rate by counting
the number of grains at each annealing temperature is prone to errors due to grain
impingement occurring at later stages of recrystallization [169]. In principle, the
total number of nuclei per volume (Nv) can be obtained from sterelogical relation
between the grain size (d) and fraction recrystallized (Xv) [169]
Nv = A.Xv.(d)−3 (6.9)
Here, A is a grain size and distribution spread dependant parameter. Constant value
of ’1’ is assigned for A and a plot of number of nuclei against the recrystallization
time is shown in Fig.6.42. The data points in figure are obtained according to
Equation 6.9 from experimentally measured grain size and Xv. The continuous line
is based on JMAK predicted volume fraction (Xv = 1− exp(−ktn)) of each alloys.
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Figure 6.42: Sterelogical estimated of nuclei density plotted against recrystallization
time.
Figure 6.42 clearly shows the delayed nucleation as well the accelerated rate of
nucleation in C42V1 when compared to C09V04 sample. This phenomenon can be
explained in terms of interaction and balance between the driving force for recrystal-
lization and the retarding force by precipitates that determine the recrystallization
kinetics. The driving force for recrystallization depends on internal defect density,
measured in terms of stored energy.
Considering C42V1 steel, which has 0.42wt%C and 1wt%V, APT analysis of this
sample in as-cast condition clearly showed that vanadium was present in solid solution.
After 50% cold rolling and annealing at 650◦C for 10000 s, vanadium in solid solution
transforms to vanadium carbide precipitate that were distinctively visible in SEM
(section 6.4 Fig.6.25a). It is highly likely that clustering of carbon and vanadium
atoms occurs before any detectable VC precipitate could be observed.
Due to this concurrent clustering and the interaction between clusters and dislocations,
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formation of recrystallization nuclei cannot occur until cluster coarsens and relaxes
its constraint on recovery. This is consistent with earlier work on recrystallization
and precipitation kinetics, which suggests that recrystallization is retarded when
”invisible” coherent particles form. This mechanism of retardation was found to be
relaxed and recrystallization proceeds once particles coarsens to a diameter 4-6 nm
[170]. Once the constrain by clusters are relaxed, rapid nucleation takes place due to
higher stored energy in C42V1 sample.
APT analysis of C09V04 sample annealed at 650◦C for 10000 s showed the presence of
V rich clusters/precipitates as well as Mn rich clusters/precipitates. Similar to Zener
pinning, under reasonable assumptions the restraining force exerted by coherent
clusters on a defect can be calculated. When a dislocation or grain boundary moves
through a cluster, it usually loses coherency thereby transforming to an incoherent
cluster/precipitate. The energy required for this transformation is transmitted from
the boundary implying that the coherent clusters can effectively pin the dislocations
and grain boundary than large incoherent precipitates [62].
Taking the dissolution of clusters by moving grain boundaries into account, Nes
[62] had shown that the pinning force due to coherent clusters/precipitate not only
depends on its size, but also on the concentration of alloying elements. He also
pointed out that even after all these refinements and assumptions, the pinning force
results were found to be close to Zeners original estimate. Therefore, in present case,
the clusters observed in C09V04 sample were considered as pinning particles and an
estimate of pining force exerted by these clusters are calculated using Zener equation
and listed in Table 6.8.
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3D Particle diameter Volume fraction Zener Pinning force
(nm) (MPa)
C09V04
Cementite=268 0.01 0.0483
V-Clusters=0.80 0.0008 1.49
C42V1
Cementite=264 0.035 0.17
VC = 5.92 0.0174 1.985
Table 6.8: Pinning force exerted by clusters and cementite precipitates on grain
boundaries of recrystallized Vanadium steels.
Once again, the critical maximum grain radius (Zener radius) that can be achieved
in presence of randomly dispersed particles can be calculated using equation 6.8.
Substituting the experimentally measured volume fractions and particle radii of
vanadium clusters/precipitates yields a grain size of ∼3 µm and ∼1 µm for C09V04
and C42V1 steels respectively. Even after all the assumptions, Zener grain size and
experimentally measured mean grain size of 6 µm and 2 µm being reasonably close
shows that the clusters/precipitates has a strong influence on final recrystallized
grain size of vanadium and carbon containing C09V04 and C42V1 samples.
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6.5.4 Overall effect of solutes on recrystallization
The overall effect of solutes on recrystallization kinetics of strip cast steels containing
C and V can be summarized by plotting the stored energy of deformation and the
time to 50% recrystallize (t50).
Figure 6.43: Stored energy plotted against time for 50% recrystallization
The stored energy indicates the driving force for recrystallization. Since no simple
direct relation between stored energy and t50 could be established from Fig.6.43, the
recrystallization kinetics must be affected by different retarding mechanisms in differ-
ent steel. The stored energy in cold rolled strip cast steels and their recrystallization
kinetics has a complex relationship between the composition of precipitates, type of
solute and their concentration levels, and also on the initial as-cast microstructure.
The recrystallized grain size of all the studied alloys can be summarized together
in terms of their particle pinning pressure by precipitates and clusters as shown in
Fig.6.44.
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Figure 6.44: Effect of particles on recrystallized grain size of strip cast steels
A clear correlation between the particle pinning pressure (Zener pinning) and final
recrystallized grain size can be seen. To summarize in a sentence, the higher the
pinning pressure the finer the grain size. Strip cast steels are unique since solutes
are retained in solid solution in some cases of Fe-C-V ternary alloys. This results in
concurrent precipitation during annealing. Therefore, the recrystallization behaviour
is quiet complex. However, it was found that the precipitate distribution and size
determines the final recrystallized grain size of strip cast steels.
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6.6 Conclusion
In this chapter, a detailed recrystallization behaviour analysis was conducted using
the JMAK and MPM models on a range of strip cast steel compositions. This
study, designed to investigate the effect of vanadium and carbon on recrystallization
behaviour of strip cast steels has lead to the following conclusions:
Effect of Vanadium:
• The addition of 1wt%V to strip cast steels containing ultra-low carbon concen-
tration (0.02wt%) delays the recrystallization kinetics. This is proposed to be
due to V in solid solution delaying the nucleation event.
• The interfacial vanadium excess calculations show that the solute segregation
by vanadium to grain boundary is small. As a result, the grain growth rate
during recrystallization of vanadium free C02 and vanadium containing C02V1
samples were found to be similar.
Effect of Carbon:
• At a carbon concentration of 0.02wt%, the recrystallization kinetics was found
to be much slower than the alloys with a higher carbon content. This is
probably due to lower cold rolled stored energy than other carbon steels. This
sample also showed significant grain growth during recrystallization and this
behaviour is probably due to lack of solutes and lack of precipitates.
• The addition of carbon accelerated the recrystallization kinetics, but the t50
was fount not to be proportional to the carbon concentration of the steel.
Concurrent evolution of cementite is shown to influence the recrystallization
kinetics as well as the grain size.
• During recrystallization of C09 and C46 steels, a preference for nucleation of
new grains over the growth of existing grains was observed. This is proposed
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to be due to grain boundary segregation of carbon and pinning by cementite
precipitates.
• Irrespective of the as-cast microstructure, the recrystallized grain size was
shown to be related to the Zener pinning pressure exerted by the cementite
precipitates.
Effect of Carbon and Vanadium:
• At 0.02wt%C level, the recrystallization kinetics of vanadium macro-alloyed
strip cast steel (C02V1) was found to have significant grain growth. On
the other hand, the recrystallization behaviour vanadium steels containing
appreciable levels carbon (>0.09wt%) was nucleation prolific.
• When compared to ultra-low carbon steels, the recrystallized grain size of the
micro-alloyed steel decreased by almost an order of magnitude due to the small
0.04wt% vanadium addition.
• In the micro-alloyed steel, the nano-scale vanadium rich clusters were identified
using atom probe tomography. These are proposed to delay the recrystallization
and aid in refining the grain size.
• The 0.42wt%C containing vanadium alloy (C42V1) steel showed delayed start
in recrystallization when compared to micro-alloyed steel. However, both these
steels had a similar recrystallization finish time. This accelerated recrystal-
lization is due to the increased nucleation rate, likely due to the higher stored
energy in C42V1 alloy. Precipitate also limits the growth and thereby promote
nucleation.
• APT observations in conjunction with JMAK and MPM calculations indicate
that grain size and nucleation rate of vanadium and carbon (> 0.09wt%)
containing steels depends on the size and volume fraction of concurrently
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evolving vanadium rich precipitates and clusters. A strong correlation between
Zener pinning and grain size was found.
• In order to achieve relatively fine grain size (5 µm or less) during recrystal-
lization of strip cast steels, it is suggested that the composition must contain
atleast 0.04wt% V, a strong carbide forming element, and ∼0.1wt% carbon.
Chapter 7
General Conclusions
This thesis examined the microstructural development of Fe-C and Fe-C-V alloys
under simulated strip casting conditions. Although the research on steel microstruc-
ture development during conventional casting is extensive in the literature, the
study carried out in this thesis is the first time to systematically investigate the
influence of solute carbon and vanadium on the microstructure development under
strip casting conditions. The influence of solutes on cold deformation behaviour and
recrystallization kinetics were also investigated in selected alloys. The major findings
and conclusions from this study are:
7.1 Effect of second phase particles on strip cast
microstructure
• Under present strip casting conditions, the inter-dendritic particles were pre-
dominantly oxides. These oxides had very little influence on the austenite or
ferrite development in the studied alloys.
• Atom probe analysis showed the presence of nano scale MnS clusters. It is
prosposed that the observed MnS clusters are likely to form after austenite
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decomposition. Due to low volume fraction, these clusters had little influence
on the microstructure development under present casting conditions.
7.2 Effect of solutes on austenite decomposition
• The as-cast microstructure of strip cast steels are mainly determined by the
solutes in solid solution during austenite decomposition.
• The microstructure of Fe-C binary alloys consist of quasi-polygonal ferrite,
Widmasnta¨tten ferrite and pearlite. At ultra-low carbon levels the as-cast
microstructure was fully quasi-polygonal ferrite. Increasing the carbon concen-
tration changes the microstructure to a mixture of Widmasnta¨tten ferrite and
pearlite. The volume fraction of ferrite decreases proportionally with increasing
carbon concentration. Due to rapid cooling during strip casting, the pearlite
volume fraction was found to be higher than the equilibrium volume fraction.
• The as-strip cast microstructure of Fe-C-V ternary alloys depend on the concen-
trations of vanadium and carbon. At micro alloying concentration, vanadium
had little influence on the microstructure. Similarly, in ultra-low carbon
steels, irrespective of the presence of vanadium, the as-cast microstructure
was quasi-polygonal ferrite. Sufficient concentrations of carbon and vanadium
must be present together in order to produce relatively fine grain size bainitic
microstructure.
7.3 Effect of solutes on deformation behaviour
• Carbon concentration had little influence on the stored energy of as-strip-cast
Fe-C binary alloys. However, the stored energy of cold rolled samples linearly
increased with the carbon concentration.
Chapter 7. General Conclusions 252
• The low-carbon steel and the vanadium micro-alloyed steel had a similar as-cast
and cold rolled microstructures. Both alloys had a similar as-cast stored energy,
however, due to the presence of vanadium, the stored energy of cold rolled
micro-alloyed steel is significantly higher than the low-carbon steel.
7.4 Effect of solutes on recrystallization
• The recrystallization kinetics of 0.02wt% C steel was found to be much slower
than the alloys with a higher carbon content because of lower initial stored
energy of deformation. The t50 was found not to be proportional to the carbon
concentration of the steel due to the competition between stored energy of
deformation, precipitation and solute segregation.
• The addition of 1wt% vanadium to ultra-low carbon steel delayed the recrys-
tallization kinetics. In contrast, the addition of 1wt% vanadium to 0.4 wt%
carbon steel showed accelerated recrystallization kinetics.
• When carbon concentration in the bulk composition is greater then ∼0.1 wt%,
the recrystallization was nucleation prolific. Whereas grain growth was observed
in alloys that contain 0.02wt% carbon.
• No correlation between recrystallization kinetics and stored energy was found
in present alloys. But, the final recrystallized grain size and Zener pinning by
precipitates showed a strong correlation.
• The size and volume fraction of the concurrently evolving precipitates deter-
mines the final recrystallized grain size. This is a unique behaviour resulting
from supersaturation of solutes by the rapid cooling during strip casting.
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Appendix A
Atom probe tomography of As-Cast alloys
Low-Carbon C09 (Fe-0.09wt%C)
(a) Carbon
(b)
(c) Manganese
(d)
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(e) Sulphur
(f)
(g) Chromium
(h)
(i) Phosphorus
(j)
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(k) Nitrogen
(l)
(m) Silicon
(n)
(o) Copper
(p)
Figure A1. Distribution of solutes in as-cast C09 (0.09wt%C) alloy. Dimension of
the cube enclosing the dataset is 107 × 100 × 45 nm3. Figures in the right compares
the actual solute 5NN distribution to their random labelling distribution.
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(a)
(b)
Figure A2. (a) Cluster count distribution along with the chosen Nmin value and (b)
The normalized 5NN frequency distributions of Mn and S atoms in as-cast C09 alloy
showing dmax value that are used for ’Maximum separation’ clustering calculations.
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Micro-alloy C09V04 (Fe-0.09wt%C-0.04wt%V)
(a) Carbon
(b)
(c) Manganese
(d)
(e) Sulphur
(f)
(g) Vanadium
(h)
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(i) Phosphorous
(j)
(k) Copper
(l)
(m) Silicon
(n)
(o) Chromium
(p)
Figure A3. APT distribution map of solutes in as cast C09V04 (0.09wt%C, 0.04wt%V)
sample. Dimension of the cube enclosing the dataset is ∼ 127×127×38 nm3. Figures
in the right compares the actual 5NN distribution of solutes to their respective
random labelling 5NN distribution.
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(a)
(b)
Figure A4. Cluster count distribution along with the chosen Nmin value and (b)
The normalized 5NN frequency distributions of Mn and S atoms in as-cast C09V04
(0.09wt%C, 0.04wt%V) alloy showing dmax value that are used for ’Maximum sepa-
ration’ clustering calculations.
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Appendix B
Stored Energy
(a) C02V0 (0.02w%C, 0wt%V) (b) C0V1 (0.02w%C, 1wt%V)
(c) C09 (0.09w%C, 0wt%V) (d) C46 (0.46w%C, 0wt%V)
(e) C09V04 (0.09w%C, 0.04wt%V) (f) C42V1 (0.42w%C, 1wt%V)
Figure A5. Orientation dependent stored energy of as-cast and 50% cold rolled alloys.
See section 3.4.4 and Chapter 5 for details.
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Recrystallization
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ULC steel - C02 (0.02wt%C)
(a) (b)
(c) (d)
(e) (f)
Figure A6. SEM micrographs showing the progression of recrystallization in 50% cold
rolled C02 steel annealed at 650 ◦C for (a) 2000s, (b) 5000s, (c) 10000s, (d) 18000s,
(e) 57000s and (f) higher magnification micrograph showing the oxide particles. Refer
section 6.2 for details.
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Carbon steel - C46 (0.46wt%C)
(a) (b)
(c) (d)
(e) (f)
Figure A7. SEM micrographs showing the progression of recrystallization in 50%
cold rolled C46 steel annealed at 650 ◦C for (a) 2000s, (b) 3333s, (c) 4000s, (d) 5000s,
(e) 6500s and (f) 10000s. Refer section 6.3 for details.
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Vanadium steel - C09V04 (0.09wt%C, 0.04wt%V)
(a) (b)
(c) (d)
(e) (f)
Figure A8. SEM micrographs showing the progression of recrystallization in 50%
cold rolled C09V04 steel annealed at 650 ◦C for (a) 2000s, (b) 3333s, (c) 4000s, (d)
5000s, (e) 6500s and (f) 10000s. Refer section 6.4 for details.
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Vanadium steel - C42V1 (0.42wt%C, 1wt%V)
(a) (b)
(c) (d)
(e) (f)
Figure A9. SEM micrographs showing the progression of recrystallization in 50%
cold rolled C42V1 steel annealed at 650 ◦C for (a) 2000s, (b) 4000s, (c) 5000s, (d)
6500s, (e) 10000s and (f) higher magnification micrograph highlighting the finer grain
size and precipitates observed at 10000s. Refer section 6.4 for details.
